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Abstract
The catalytic conversion of methanol-to-hydrocarbons (MTH) over Brønsted acid zeo-
lites/zeotypes is now used to derive an increasing fraction of the annual 250 million metric
tons production of light olefins, ethene and propene—feedstocks in plastics, pharmaceuti-
cals, and chemicals manufacturing. Controlling the relative formation rates of ethene and
propene, and mitigating deactivation rates of zeolites that necessitates energy-intensive re-
generation cycles to restore catalytic activity are the two critical outstanding challenges.
This work demonstrates the hitherto unknown role of trace quantities of aldehydes in dis-
tinct chemical events that dictate the selectivity ratio of ethene and propene, and the extent
of catalyst deactivation during MTH. Specifically, it is shown that formaldehyde, formed
in trace quantities by the loss of hydrogen from methanol, facilitates the propagation of
reactions that promote ethene production, while simultaneously accelerating rates of chem-
ical transformations that induce catalyst deactivation. This mechanistic understanding is
exploited to demonstrate that in MTH, i) the selectivity ratio of propene-to-ethene can be
notably varied (1 – 25 range) by controlling the inlet methanol pressure which directly af-
fects formaldehyde production and consequently its involvement in reactions that produce
ethene, and ii) catalyst lifetime can be considerably enhanced (>70×) by co-processing
high-pressure H2 which results in the interception of formaldehyde-mediated condensation
pathways deleterious to catalyst lifetime by selective hydrogenation of the unsaturated in-
termediates formed in these reactions.
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Chapter 1
Introduction to methanol to hydrocarbons catalysis on solid Brønsted acids
Methanol-to-hydrocarbons (MTH) process over zeolite and zeotype materials is the final
step in upgrading gasifiable carbon-based feedstocks, such as coal, biomass and natural gas
to light olefins (C2 –C4) and gasoline-range hydrocarbons (C4+ aliphatics and aromatics),
and represents an alternative to their conventional production from oil-based processes [1,
2]. MTH over HSAPO-34 is now commercially deployed in China to produce ethene and
propene with annual production capacity of ∼1 million metric tons [3], which has brought
renewed interest in the mechanistic understanding of molecular events that govern selectivity
and deactivation in MTH with the goal of rational process and material design to achieve
selective and stable conversion of methanol to target hydrocarbons.
Zeolites are porous, crystalline silicoaluminate materials that are comprised of inter-
connected neutral SiO4 and anionic AlO4 tetrahedra assembled in a framework of cages
and channels in three dimensions with pore openings on the order of a few angstroms [4].
Zeotypes, on the other hand, contain elements other than Si or Al in the tetrahedral frame-
work sites, for instance, silicoaluminophosphates consist of P in addition to Si and Al, and
thus primarily differ from their isostructural zeolite analogs in their chemical composition
[5]. Brønsted acidity originates from the charge balancing protons localized on the bridg-
ing O atoms connecting neighboring Si and Al atoms, however, other metal cations can
also be incorporated as charge-balancing counter ions which engenders Lewis acidity in
these materials [4]. The versatility in the nature of counter-ions and the unique structural
features—comprised of channels with varying connectivity that engender different confin-
ing environments and apertures of molecular dimensions that enable shape selectivity—are
the two prolific characteristics that make these materials relevant for applications in the
fields of separations and catalysis [4, 6–9]. The identity and distribution of hydrocarbons in
MTH is largely determined by the topological features of the Brønsted acid zeolite or zeo-
type materials [10–19]. The small-pore zeolites/zeotypes characterized by 8-membered ring
apertures on the order of ∼4Å, such as HSSZ-13 and HSAPO-34, engender high selectivity
of light hydrocarbons (>85%C) due to size-exclusion of larger hydrocarbons that cannot
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effuse through the narrow pore openings, while medium- and large-pore zeolites character-
ized by 10- and 12-membered ring apertures on the order of >5Å, such as HZSM-5 and
HBEA, allow effusion of the larger C4+ hydrocarbons. These innate differences in product
composition depending on the zeolite topology, however, share the same mechanistic origins
as detailed next.
Both experimental [20] and theoretical [21, 22] investigations have concluded that in
the absence of a primordial hydrocarbon pool entrained in the zeolite pores, the C1 species
derived from methanol upon interaction with the Brønsted acid sites in zeolites are rela-
tively inert towards hydrocarbon formation due to the high energy barriers (>200 kJ/mol)
for direct C–C coupling. The hydrocarbon pool, which is comprised of both olefinic and
aromatic species, likely originates from reactions of methanol with adventitious impurities
in the influent gas stream or in the catalyst bed [23–27]. Following this initiation, product
formation occurs in an autocatalytic manner wherein the hydrocarbon pool components act
as co-catalytic centers for repeated methylation and cracking steps to produce a range of
C2+ hydrocarbons [24, 28–30]. The dual—olefinic and aromatic—nature of the hydrocarbon
pool has been validated by several researchers by isotopic labeling and cofeed studies [31–
36]. This indirect mechanism of hydrocarbons production can be succinctly represented
by a dual cycle schematic wherein the reactions of methylation and β-scission involving
olefinic co-catalysts are referred as the olefins cycle while reactions of methylation and
dealkylation involving aromatic co-catalysts are referred as the aromatics cycle (Scheme
1.1) [26, 37, 38]. The two cycles are interconnected by hydrogen transfer and cyclization
steps that mediate the conversion of olefins to aromatics while resulting in the concomitant
production of paraffins (Scheme 1.1). The propagation of the olefinic cycle predominantly
results in the formation of C3 –C7+ aliphatics while the aromatic cycle primarily yields
methyl-substituted benzenes and C2 –C3 olefins. In particular, the mechanistic origin of
ethene from the aromatics cycle via dealkylation has been evinced in isotopic labeling stud-
ies wherein the amount of 13C incorporation in ethene and methyl-substituted benzenes
is observed to be similar and distinct from that of C3+ olefins following the switch from
12C-labeled methanol to its 13C-labeled counterpart [39, 40]. In context of the hydrocarbon
pool mechanism, the different product composition observed during methanol conversion
can be rationalized as a consequence of the relative propagation extents of the olefinic and
aromatic cycles, which is strongly influenced by the topological features of the zeolites/zeo-
types. The large cages interconnected by small windows in small-pore zeolites compel the
preferential propagation of the aromatics cycle while only permitting the effusion of light
hydrocarbons (C2 –C4) while the cavities and larger channels in medium- and large-pore ze-
olites allow the simultaneous propagation of the olefins and aromatics cycle, and permit the
effusion of larger C4+ aliphatics and aromatics. In addition to the effect of zeolite topology,
selectivity in MTH is also sensitively determined by the operating conditions (temperature
[41], methanol pressure [42], space velocity [43]), identity of cofeeds (water [44], oxygenates
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[45, 46], hydrocarbons [33, 34]), and zeolite properties (crystallite size [18, 47, 48], acid site
density [49] and distribution [50, 51], presence of mesoporosity [52, 53], surface silylation
[54], phosphorous modification [55]). All observed effects on selectivity can be visualized in
context of the relative propagation extents of the olefinic and aromatic cycles as influenced
by changes in the aforementioned operating and material parameters.
With reaction progress, however, the ability of active sites to turn over for hydrocar-
bons production from methanol declines due to the transformation of active hydrocarbon
pool components to inactive polycyclics which accumulate inside the zeolite channel sys-
tem [26, 27, 37]. Chromatographic analyses of the organics liberated from zeolites after
methanol conversion, via dissolution of the zeolite framework with HCl/HF followed by ex-
traction with CH2Cl2 [56], reveal that phenanthrenes and pyrenes are the main polycyclics
entrained in the zeolites at complete deactivation [57–59]. Emerging research suggests that
formaldehyde, formed from transfer dehydrogenation events involving methanol, facilitates
these undesired transformations via involvement in electrophilic addition reactions with
olefins and aromatics generating unsaturated intermediates which can further undergo a
series of hydrogen transfer and cyclization steps to generate polycyclics [43, 60–63].
This dissertation focuses on the mechanistic elucidation of the role played by aldehy-
des in dictating selectivity and catalyst lifetime in MTH, and proffers strategies to regulate
the extent of their formation and involvement in alkylation pathways during MTH that
demonstratively enable selectivity control to target hydrocarbons (light olefins and aro-
matics) and elongate catalyst lifetime. Chapter 2 describes the prolific role of methanol
pressure in dictating the relative amounts of ethene and propene production during MTH
over HZSM-5, which stems from the direct effect of methanol pressure on the formation
of formaldehyde that mediates the transformation of olefins to aromatics and in turn, in-
fluences the relative propagation of the olefins and aromatics cycles. Chapter 3 describes
the promotional effect of high-pressure CO cofeeds on aromatics production during MTH
over HZSM-5, and elucidates the prominent role of acetyls derived from co-reaction of CO
and methanol-derived surface species as key intermediates that can generate aldehydes and
ketones. These carbonyl compounds can undergo a network of aldol condensation, hydrogen
transfer, cyclization, dehydration, and decarbonylation steps to promote aromatics produc-
tion without the sacrificial formation of alkanes, as is the case in the conventional pathway
for their production from olefins. Chapter 4 describes the beneficial effects of high-pressure
H2 cofeeds on catalyst lifetime during MTH over HSAPO-34 without compromise of the
high light olefins selectivity characteristic of this small-pore zeotype. The observed effects
of H2 cofeeds are rationalized in context of the ability of acidic protons to facilitate di-
rect hydrogenation of the unsaturated intermediates resulting from formaldehyde-mediated
alkylation pathways with olefins and aromatics, thereby intercepting their transformation
to polycyclics and resulting in longer catalyst lifetimes. Chapter 5 describes the effects of
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cofeeding H2 on lifetime and selectivity in MTH over several zeolites other than HSAPO-34
(small-pore HSSZ-13 and HSSZ-39, medium-pore HFER, and large-pore HBEA), demon-
strating the general applicability of the strategy of high-pressure H2 cofeeds to improve
catalyst stability. The aforementioned proposal concerning the facile hydrogenation of un-
saturated intermediates originating from formaldehyde-mediated alkylation of olefins and
aromatics via direct hydrogen transfer from H2 is corroborated by kinetic measurements of
aliphatics and aromatics hydrogenation with H2 over zeolites discussed in Chapters 5 and
6, respectively.
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Chapter 2
The critical role of methanol pressure in controlling its transfer
dehydrogenation and the corresponding effect on propene to ethene ratio
during methanol to hydrocarbons catalysis on HZSM-5
*Reported from S. S. Arora, A. Bhan, J. Catal. 356 (2017) 300-306
(doi.org/10.1016/j.jcat.2017.10.014)
©2017 Elsevier Inc.
2.1 Abstract
A monotonic increase (2 – 18) in the eﬄuent propene-to-ethene molar ratio as inlet methanol
pressure is varied from 52.5 – 0.6 kPa during methanol-to-hydrocarbons catalysis (∼30%C
conversion) on HZSM-5 at 673K reveals methanol pressure as a salient experimental param-
eter that allows control over the relative rates of propagation of the olefins- and aromatics-
based methylation/cracking events. The effect of enhanced propagation of the olefins-based
cycle over its aromatics-based counterpart and consequently, decoupling of the two cat-
alytic cycles at low influent methanol pressures is observed to persist irrespective of the
reaction temperature (623 – 773 K). Reactions involving formaldehyde cofeeds (3 – 20 Pa or
0.5 – 5%C) with low-pressure (0.6 kPa) methanol at 623K result in a monotonically decreas-
ing trend in propene-to-ethene molar ratio from 24.7 in the absence of formaldehyde to 0.8
in the presence of 20 Pa formaldehyde implicating suppressed formaldehyde production from
methanol transfer dehydrogenation events at low methanol pressures as the mechanistic ba-
sis for the observed effect of enhanced olefin cycle propagation. Co-reacting formaldehyde
(11 Pa or 3%C) with propene (0.1 kPa) on HZSM-5 at 623 K results in a 5.5-fold increase
in aromatics selectivity suggesting Prins condensation reactions between formaldehyde and
olefins are likely involved in aromatics production during methanol-to-hydrocarbons catal-
ysis over HZSM-5.
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2.2 Introduction
The dehydrative conversion of methanol-to-hydrocarbons (MTH) over zeolite or zeotype
solid acids is industrially utilized for the selective production of ethene and propene[2, 3,
64–66]. Hydrocarbon and oxygenate cofeed, chemical transient, isotopic, and spectroscopic
experimental studies [20, 23–25, 30, 31, 38, 67–73] and density functional theory (DFT)
based computational studies [21, 22, 74, 75] note the stability and unreactive nature of
methyl groups formed upon methanol dehydration in the absence of a primordial “hydro-
carbon pool" comprised of olefins and aromatics contained within the microporous environ-
ment of the zeolite or zeotype catalyst. The hydrocarbon pool mechanism is summarized by
a dual-cycle description where olefinic chemistries of methylation and β-scission (referred to
as the olefins-based catalytic cycle) are interconnected with aromatic chemistries of methy-
lation and dealkylation to form light olefins (referred to as the aromatics-based catalytic
cycle) via hydrogen transfer and cyclization reactions [11, 26, 31, 32, 37, 39, 70, 76–79].
Isotopic switching experiments, where 12C-methanol feed was switched with its 13C-labeled
counterpart during steady-state conversion on HZSM-5 at 623 K, showed 13C content in
ethene to closely match that of aromatics and disparate from that of C3+ olefins following
the switch, thereby implicating aromatic-dealkylation as the predominant route for ethene
production and evidencing that its production is mechanistically delinked from C3+ olefins
[31, 39]. The description of propagation events during MTH based on separate but linked
olefins- and aromatics-based methylation/cracking cycles has been exploited to modulate
the molar ratio of propene and ethene (P/E) by changes in feed identity [33, 34, 45, 63, 80],
operating conditions [41, 42, 81, 82], topology [10, 32, 64, 83–85], and textural properties
[41, 47, 49, 53, 81, 86, 87] of the zeolite or zeotype catalyst formulations. Here, we report
that methanol pressure is the salient experimental parameter in controlling P/E and estab-
lish methanol transfer dehydrogenation to produce formaldehyde and olefin-formaldehyde
alkylation reactions as the mechanistic basis for this behavior.
The early and seminal work of Langner [11] noted that the addition of cyclic com-
pounds to methanol feed resulted in an 18-fold reduction in the time required to achieve
50% methanol conversion and devoid of any description based on the hydrocarbon pool
mechanism, postulated that methanol dehydrogenation produces formaldehyde which may
be involved in Prins-type condensation reactions with olefins and aromatics during MTH.
The observation of high methane selectivities concurrent with the initial hydrocarbon prod-
ucts in the eﬄuent led researchers to postulate the existence of methanol disproportiona-
tion and dehydrogenation events [88–90] during MTH. This postulate is in agreement with
theoretical treatments that followed these experimental demonstrations and mechanistic in-
terpretations [91, 92]. The observation of longer catalyst lifetimes when using (i) dimethyl
ether (DME) versus methanol as feedstock over different zeolite or zeotype catalysts [62,
63, 80], (ii) continuous stirred tank versus packed bed reactors for methanol conversion
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on HZSM-5 [60], and (iii) low inlet methanol pressures or high contact times on CHA
framework catalysts [43] can be rationalized as an effect of local methanol pressure on pref-
erentially mediating methanol transfer dehydrogenation events in reference to methylation
events involved in carbon chain-growth. Recent reports by Müller et al. [61], Hwang et al.
[43], and Olsbye and co-workers [62, 63] have clearly explicated the role of formaldehyde,
obtained from methanol dehydrogenation, in terminating propagation reaction sequences in
MTH catalysis. The investigators purport formaldehyde to alkylate aromatics resulting in
the transformation of active organic co-catalysts to inactive polycyclic species that occlude
zeolite void spaces. Müller et al. [61] observed higher sensitivity of aromatic site-time yield
to contact time at sub-complete versus complete methanol conversion, and higher aromatics
selectivity utilizing methanol instead of DME as feedstock on HZSM-5 leading the authors
to suggest methanol as a prolific hydride donor during MTH.
We demonstrate the critical role of formaldehyde in initiating the aromatics-based
catalytic cycle, and in effect modulating P/E by noting a systematic increase in the selec-
tivity of aromatics and ethene with increasing methanol concentration in the influent and
in formaldehyde-methanol cofeed experiments. The likely involvement of Prins condensa-
tion reactions between formaldehyde and olefins at pressure and temperature conditions
prevalent during MTH in forming aromatic co-catalysts is evidenced by the observation
of a 5.5-fold increase in aromatics selectivity when co-processing formaldehyde (11 Pa or
3 %C) with propene (0.1 kPa) versus propene-only feed. We propose a revised version of
the dual-cycle schematic describing MTH catalysis that includes formaldehyde-mediated C1
chain-growth steps in addition to methylation.
2.3 Materials and Methods
2.3.1 Catalyst characterization
The ZSM-5 sample used in this study was obtained from Zeolyst Inc. (CBV8014) in ammo-
nium form and converted to proton form by thermal treatment in flowing dry air (1.67 cm3 s-1;
Minneapolis Oxygen) at 823 K (0.018 K s-1 ramp rate) for 4 h. The bulk Si/Al ratio (= 41.7)
was ascertained from Scanning Electron Microscopy with Energy Dispersive X-ray Spec-
troscopy (SEM-EDS) measurements. The Si/Al ratio (= 42.7) in the near-surface region
was obtained from X-ray Photoelectron spectroscopy (XPS) measurements and confirmed
that Al is uniformly distributed in the lattice. X-ray diffraction (XRD) patterns were
recorded using a Brüker micro-diffractometer with Cu-Kα (λ = 1.54Å) as the radiation
source to confirm its framework type as MFI. N2 adsorption isotherms were obtained at
77 K using a Micromeritics surface area and porosity analyzer (ASAP 2020) after an initial
degas (evacuation to ≤6 µmHg at 363 K) followed by thermal treatment in vacuo at 723 K
(0.0167 K s-1 ramp rate) for 4 h and used to obtain the Brunauer-Emmett-Teller (BET)
surface area (386 m2 g-1) and t-plot micropore volume (0.12 cm3 g-1) of the HZSM-5 sam-
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ple. The Brønsted acid site density (0.20 mmol g-1) was measured from NH3 temperature
programmed desorption performed by saturating ∼56 mg of HZSM-5 with flowing 500 ppm
NH3 (achieved by flowing a mixture of 0.083 cm3 s-1 1.01% NH3in balance He (Certified
Standard, Praxair) and 1.58 cm3 s-1 He (99.997%, Minneapolis Oxygen)) at 323 K followed
by a He purge (1.67 cm3 s-1; 99.997%, Minneapolis Oxygen) for 8 h at 323 K, and ramping
the temperature at 0.083 K s-1 ramp rate to 823 K during which the eﬄuent stream was
monitored via mass spectrometry (MKS Cirrus) for signals corresponding to m/z = 16 (for
NH3) and 40 (for Ar (0.083 cm3 s-1; 99.9995%, Matheson) used as an internal standard)
(Fig. 2.6).
2.3.2 Catalytic testing
Experiments were carried out in a borosilicate glass-lined stainless steel tube (SGE Ana-
lytical Science, 6.35 mm O.D. and 4 mm I.D.) reactor. 180 – 420 µm aggregates of HZSM-5
(∼3 – 30mg) diluted with 150 – 420 µm particles of sand (Acros Organics; washed with 2M
HNO3, rinsed with deionized water, and thermally treated in flowing dry air (1.67 cm3 s-1)
at 1273 K for 16 h; 5 < wtdiluent/wtcat < 30) were packed between quartz wool plugs in the
middle of reactor tube. The reactor was placed inside a resistively heated furnace (Model
3210, Applied Test Systems). The reaction temperature was measured using a K-type ther-
mocouple (KMTXL-020U-12, Omega) wrapped around the reactor periphery with the tip
placed near the axial-center and regulated with an electronic controller (Series 96, Watlow).
The catalyst bed was thermally treated in flowing He (1.67 cm3 s-1; 99.997%, Minneapolis
Oxygen) at 823 K (0.0167 K s-1 ramp rate) for 4 h prior to reaction. All liquid reagents
including methanol (≥99.9%, Fluka), formaldehyde (16% w/v in water, Pierce), deionized
water, or mixtures thereof were delivered using a syringe pump (KD Scientific), vaporized
in heat traced lines (∼353 K), and swept by a flowing gas stream comprised of diluent (He)
and internal standard (Ar). Propene (999.2 ppm balance Ar, Liquid Tech), He, and Ar
flows were metered using mass flow controllers (Model 5850E, Brooks). The total gas-phase
pressure during all experiments was ∼1 atm. Reactor influent and eﬄuent stream compo-
sitions were quantified using a gas chromatograph (Model 7890A, Agilent) equipped with
a dimethylpolysiloxane HP-1 column (50 m × 320 µm × 0.52µm) connected in parallel to
a flame ionization detector and a mass spectrometer (Model 5975C, Agilent) for detection
of hydrocarbons and oxygenates, and a GS-GasPro column (60 m × 320 µm) connected to
a thermal conductivity detector for detection of permanent gases (Ar and CO). DME, the
dehydration product of methanol, in the eﬄuent was considered as unconverted reactant,
and the conversion was calculated as the total carbon atoms observed in the eﬄuent hydro-
carbon products as a fraction of the total carbon atoms in the eﬄuent stream, including
both methanol and DME. Selectivity was calculated based on the fractional amount of car-
bon atoms observed in a particular product group to the total amount of carbon atoms
observed in all hydrocarbon products.
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2.4 Results and Discussion
Trends in steady-state selectivity during MTH catalysis on HZSM-5 reflect trends in the
relative propagation of the aromatics- versus olefins-based catalytic cycle. Larger ethene
and aromatics selectivities reflect enhanced propagation of the aromatics-based cycle while
larger propene and longer-chain aliphatic hydrocarbon selectivities reflect enhanced propa-
gation of the olefins-based cycle [33, 34]. Moreover, kinetic studies of ethene and propene
methylation with methanol or DME over HZSM-5 have shown ethene to be relatively in-
ert towards methylation compared to propene, thereby rendering ethene as a termination
product of the aromatics-based catalytic cycle during MTH [93–95]. Accordingly, Ilias et
al. [96] proposed Ethene/2MBu—defined as the ratio of carbon selectivity of ethene and
the combined selectivity of 2-methyl-2-butene and 2-methylbutane (collectively termed as
‘2MBu’; representative of products originating from the olefins-based catalytic cycle)—as
a semi-quantitative indicator to assess the relative rates of propagation of aromatics- and
olefins-based catalytic cycles during MTH on HZSM-5. The fact that ethene is produced
exclusively from the aromatics-based cycle proffers a strategy to modulate the molar ratio
of propene-to-ethene (P/E) by operating under conditions where propagation of this cycle
is either suppressed or enhanced.
Fig. 2.1a presents selectivity trends observed with varying inlet methanol pressure (0.6 –
52.5 kPa) during methanol-to-hydrocarbons catalysis on HZSM-5 at 673 K and ∼ 1 atm to-
tal pressure, compared at iso-conversion (∼30%C). Most notably, MBs (methyl-substituted
benzenes or aromatics) and C2 (≥ 99% ethene) selectivities show a monotonically decreas-
ing trend (5.9 – 0.1 %C and 9.8 – 1.5 %C, respectively) accompanied by a commensurate
increasing trend in C3 (≥ 99% propene) selectivity (28.7 – 41.8 %C) and correspondingly,
P/E (2 – 18) evidencing systematic suppression of aromatics-based methylation/dealkyla-
tion events and enhanced propagation of olefins-based methylation/cracking events with
decreasing inlet methanol concentration. These observations are consistent with earlier re-
ports by Chang et al. [42] and Dehertog et al. [81] which documented increasing propene
yields at the expense of aromatics with decreasing inlet methanol pressure. The acquisi-
tion of product distribution data at complete conversion in the reports by Chang et al.
[42] and Dehertog et al. [81], and the emergence of the dual-cycle description of MTH
catalysis over zeolite or zeotype materials only in the past decade, however, precluded any
mechanistic basis for the observed effects in the aforementioned reports. Ethene/2MBu
exhibits a monotonically decreasing trend, as depicted in Fig. 2.1b, concurrent with the
increasing trend observed in P/E with decreasing methanol concentration. The critical role
of methanol pressure in influencing the relative rates of propagation of the two catalytic
cycles is further corroborated by the monotonically decreasing trend observed in the rela-
tive molar selectivity of paraffins in the total amount of C1 –C7 hydrocarbons, termed as
hydrogen transfer index (HTI), as shown in Fig. 2.1c. The decrease in paraffins selectivity
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Table 2.1: C2, aromatics and C3 selectivities, and Ethene/2MBu, HTI and P/E versus inlet
methanol pressure during MTH (∼30%C conversion) on HZSM-5 at 673 K, 0.6 – 52.5 kPa
CH3OH, and 0.10 – 2.6 s molH+mol -1C .
Inlet CH3OH
pressure / kPa 0.6 2.5 13.2 52.5
Selectivity /%C
C2 (≥ 99% ethene) 1.5 1.9 2.9 9.8
MBs 0.1 2.1 2.6 5.9
C3 (≥ 99% propene) 41.8 38.2 35.4 28.7
Indicator
Ethene/2MBu 0.25 0.32 0.42 1.02
HTI 0.06 0.07 0.09 0.15
P/E 18.0 14.4 8.2 2.0
accompanied by the decrease in aromatics selectivity is a stoichiometric requirement for
hydrogen-redistribution pathways prevalent during hydrocarbons conversion mediated by
zeolites with Brønsted acidity. Table 2.1 lists ethene, aromatics and propene selectivities,
and Ethene/2MBu, HTI and P/E obtained for different inlet methanol pressures employed
during the MTH study on HZSM-5. Figs. 2.2a and 2.2b demonstrate the steady nature of
selectivity observed at 2.5 kPa methanol pressure and 673 K against variations in time on
stream or contact time. Moreover, aromatics and ethene selectivities remain insignificant
and exhibit indiscernible trends with increasing or decreasing temperature for methanol
feed at a low pressure (0.6 kPa) and 673 K (Fig. 2.1d), thereby demonstrating methanol
pressure as critical in influencing P/E irrespective of the reaction temperature.
The observed increase in selectivity of hydrogen transfer products (aromatics + paraf-
fins) with increasing methanol pressure clearly suggests direct involvement of methanol in
hydrogen redistribution pathways over a wide-range of temperatures relevant for MTH.
This inference is consistent with the conclusion put forward by Müller et al. [61] regarding
the predominant role played by methanol-induced hydrogen transfer pathways over olefins-
induced hydrogen transfer pathways in aromatics synthesis under conditions resulting in
sub-complete methanol conversion during MTH on HZSM-5. Transfer dehydrogenation of
methanol with olefins or itself results in the formation of hydrogen-deficient formaldehyde
and hydrogen-rich paraffins [11, 43, 61–63, 88, 91, 92]. Formaldehyde subsequently alky-
lates olefins in Prins condensation cascades producing polyunsaturated species mediating
dehydrocyclization of olefins to aromatics [43, 62].
We corroborate the prevalence of formaldehyde-mediated aromatics production path-
ways by reacting methanol at low pressure (0.6 kPa) with increasing concentration (3 – 20Pa
or 0.5 – 5%C) of formaldehyde cofeed on HZSM-5 at 623 K. Fig. 2.3a shows the effects of
processing formaldehyde-methanol mixtures compared to methanol-only feed on selectivity
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Fig. 2.1: (a) Selectivity (left ordinate) and methanol conversion (right ordinate, ), (b)
Ethene and 2MBu (sum of 2-Methyl-2-butene and 2-Methylbutane) selectivities (left or-
dinate) and their ratio (right ordinate, ), and (c) molar selectivities of C1 –C7 paraffins
and C2 –C7 olefins (left ordinate) and hydrogen transfer index (HTI) defined as the frac-
tional molar content in paraffins to the total molar amount of C1 –C7 hydrocarbons (right
ordinate, ) versus inlet methanol pressure; (d) Selectivity (left ordinate) and methanol con-
version (right ordinate, ) versus temperature during MTH on HZSM-5 at (a) – (c) 673 K,
0.6 – 52.5 kPa CH3OH, and 0.10 – 2.60 s molH+mol -1C ; (d) 623 – 773 K, 0.6 kPa CH3OH, and
1.73 – 17.3 s molH+mol -1C .
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Fig. 2.2: Selectivity (left ordinate) and methanol conversion (right ordinate, ) versus (a)
time on stream, and (b) contact time during MTH on HZSM-5 at 673 K, 2.5 kPa CH3OH,
and 1.2 s molH+mol -1C for (a).
and methanol conversion, and Fig. 2.3b shows the effect on ethene and 2MBu selectivi-
ties, and their ratio (comparison made at 45min time on stream). Ethene and aromatic
selectivities, and Ethene/2MBu exhibit a monotonically increasing trend accompanied by
a concomitant decreasing trend in propene selectivity with increasing formaldehyde cofeed
concentration indicating enhanced rates of propagation of the aromatics-based cycle over its
olefins-based counterpart during MTH. Figs. 2.7a and 2.7b present time on stream profiles
of conversion and aromatics selectivity during reactions involving formaldehyde cofeeds with
methanol showing systematically increasing trends in aromatics selectivity and deactivation
rates with increasing formaldehyde cofeed concentration in agreement with results reported
in three other recent reports [43, 61, 63]. The increase in deactivation rates with formalde-
hyde cofeed is attributed to the involvement of formaldehyde in the transformation of active
hydrocarbon pool species to inactive coke precursors [43, 61, 62]. Table 2.2 lists ethene,
aromatics and propene selectivities, and Ethene/2MBu, HTI and P/E evidencing enhanced
propagation of the aromatics-based catalytic cycle over its olefins-based counterpart as a
result of increasing formaldehyde cofeed concentration in the methanol feed. We note that
HTI does not increase significantly with increasing aromatics production resulting from in-
creasing concentration of formaldehyde in the influent. This is in line with our postulate
that formaldehyde-mediated dehydrative alkylation is the dominant pathway resulting in
the transformation of olefins to aromatic precursors as opposed to olefins-based hydrogen
transfer pathways which would result in significantly higher HTI alongside higher aromatics
production during MTH.
We performed reactions of propene with and without formaldehyde cofeed on HZSM-5
to further evidence formaldehyde-mediated dehydrocyclization of olefins to produce aro-
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Fig. 2.3: (a) Selectivity (left ordinate) and methanol conversion (right ordinate, ), and
(b) Ethene and 2MBu (sum of 2-Methyl-2-butene and 2-Methylbutane) selectivities (left
ordinate) and their ratio (right ordinate, ) versus inlet formaldehyde cofeed pressure during
reactions of formaldehyde-methanol mixtures on HZSM-5 at 623 K, 0.6 kPa CH3OH, 3 –
20 Pa HCHO (+30 – 200 Pa H2O), and 17.3 s molH+mol -1C ; 45 min time on stream (Fig. 2.7
shows the time on stream profiles of conversion and aromatics selectivity).
Table 2.2: C2, MBs and C3 selectivities, and Ethene/2MBu, HTI and P/E versus inlet
HCHO cofeed pressures during methanol conversion on HZSM-5 at 623 K, 0.6 kPa CH3OH,
3 – 20 Pa HCHO (+30 – 200 Pa H2O), and 17.3 s molH+mol -1C ; 45 min time on stream.
Inlet HCHO cofeed
pressure /Pa 0 3 10 20
Selectivity /%C
C2 (≥ 99% ethene) 1.2 2.7 7.2 21.0
MBs 0.6 1.6 5.7 17.1
C3 (≥ 99% propene) 42.8 38.2 36.1 26.4
Indicator
Ethene/2MBu 0.2 0.5 1.5 9.0
HTI 0.05 0.05 0.06 0.07
P/E 24.7 9.1 3.4 0.8
matics. Cofeeding small amounts of formaldehyde (11 Pa or 3 %C) with propene (0.1 kPa)
resulted in a 1.6-fold increase in conversion and a 5.5-fold increase in aromatics selectivity
(Fig. 2.4a; 2.4b shows the time on stream profiles of both conversion and aromatics selec-
tivity, and indicates steady-state behavior) supporting the likely involvement of Prins con-
densation reactions between formaldehyde and olefins in forming aromatics. Aromatics (or
MBs) produced on feeding only propene most likely arise from oligomerization and olefins-
based hydrogen transfer pathways [97], however, cofeeding small amounts of formaldehyde
is observed to accelerate the rate of transformation of (C4 - C7) species to aromatics (Fig.
2.4a). The marked increase in aromatics selectivity upon cofeeding formaldehyde with both
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methanol and propene feeds supports a C1 chain-growth mechanism mediated by formalde-
hyde as an alternative to olefin-based oligomerization and hydrogen transfer pathways for
aromatics synthesis [97]. The implied relevance of Prins condensation mediated dehydro-
cyclization pathways in aromatics production leads us to propose a modified version of the
dual-cycle schematic that describes propagation events during MTH (Scheme 2.1) which
demonstrates a C1 addition pathway involving alkylation with formaldehyde as a parallel
chain-growth mechanism to methylation with methanol. Methanol can undergo transfer de-
hydrogenation with either itself or an olefin to form formaldehyde and paraffins (CH4 and
higher homologues). For instance, in the olefins-based catalytic cycle, propene can react
with either methanol or formaldehyde to form butene or 1,3-butadiene, respectively after
dehydration. In an analogous manner, butene and its next higher homologue, 2-methyl-2-
butene, can undergo dehydrative alkylation with either methanol or formaldehyde to form
higher olefins or polyunsaturated species, respectively. These species can subsequently un-
dergo dehydrocyclization to form aromatics and paraffins, or β-scission to form light olefins.
In the aromatics-based catalytic cycle, aromatics (or methyl-substituted benzenes) can un-
dergo methylation events to form higher homologues and dealkylation with methanol to
produce light olefins and smaller homologues.
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Fig. 2.4: (a) Selectivity (left ordinate) and propene conversion (right ordinate, ) ver-
sus inlet formaldehyde cofeed pressure, and (b) Aromatics selectivity (left ordinate, )
and propene conversion (right ordinate) versus time on stream during reactions of HCHO-
propene mixtures (filled symbols) and propene-only (empty symbols) feeds over HZSM-5 at
623 K, 0.1 kPa C3=, 11 Pa HCHO, 13 kPa H2O, and 1040.2 s molH+mol -1C3H6 .
These results demonstrate enhanced propagation of the aromatics-based cycle with
increasing methanol pressure and/or formaldehyde cofeed concentration in the influent im-
plicating the prevalence of formaldehyde-mediated dehydrocyclization of olefins to aromatics
during steady-state MTH catalysis on HZSM-5. Methanol pressure, therefore, is paramount
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Scheme 2.1: Modified version of the dual-cycle schematic describing propagation events in
MTH showing a supplementary C1 chain-growth mechanism mediated by successive dehy-
drative addition of formaldehyde (derived from transfer dehydrogenation of methanol with
either itself or an olefin) leading to the formation of polyunsaturated species which can
dehydrocyclize to form aromatic co-catalysts. The original version was adapted from [38].
in exercising control over the relative rates of propagation of the two catalytic cycles and
correspondingly propene-to-ethene molar ratio during methanol-to-hydrocarbons catalysis
over zeolite materials.
2.5 Conclusions
Varying inlet methanol pressure from 0.6 – 52.5 kPa at 673 K engenders a 9-fold increase in
the propene-to-ethene molar ratio from 2 – 18 during steady-state MTH catalysis on HZSM-
5. This effect is observed to be persistent irrespective of variations in time on stream,
contact time, and temperature implicating methanol pressure as critical in decoupling of
the aromatics- and olefins-based catalytic cycles where low pressures of methanol result
in enhanced propagation of the olefinic cycle over its aromatics counterpart irrespective
of the other experimental parameters considered. Studies in which formaldehyde is co-
fed with methanol in the reactor influent explicitly demonstrate the salient role played
by formaldehyde in initiating the aromatics-based methylation/dealkylation events during
MTH, inducing a 31-fold decrease in P/E from 24.7 in the case of 0.6 kPa methanol-only feed
to 0.8 in the case of 20 Pa HCHO cofeed with methanol during MTH on HZSM-5 at 623 K.
Reactions involving formaldehyde cofeed (11 Pa or 3%C) with propene (0.1 kPa) result in a
5.5-fold increase in aromatics selectivity compared to a propene-only feed corroborating the
likely involvement of Prins condensation chemistry between formaldehyde and olefins in the
formation of polyunsaturated intermediates which can dehydrocyclize to produce aromatics
under MTH conditions.
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2.6 Supplementary Information
2.6.1 X-ray diffraction
The XRD patterns of the HZSM-5 sample used in the study and of a reference MFI frame-
work sample obtained from IZA [98] are shown in Fig. 2.5.
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Fig. 2.5: XRD patterns of the HZSM-5 sample used in the study (top) along with the
reference spectra of a MFI sample obtained from IZA [98] (bottom).
2.6.2 NH3 temperature programmed desorption
The temperature programmed desorption profile of ammonia observed for the HZSM-5
sample used in the study is shown in Fig. 2.6. The area under the high-temperature curve
(centered at around 623K, blue-colored) was enumerated as the Brønsted acid site density
(0.20mmol g-1), assuming a 1:1 stoichiometry between desorbed NH3 and Brønsted acid
site.
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Fig. 2.6: NH3 (m/z = 16) desorption rate observed during temperature ramp at 0.083K s-1
to 823 K in combined He and Ar flow following saturation of HZSM-5 with NH3 at 323 K.
The deconvoluted gaussian fitted curves characterized by a low-temperature peak (centered
around ∼423 K) and a high-temperature peak (centered around ∼623 K) are shown as red-
and blue-colored lines, respectively.
2.6.3 Conversion and aromatics selectivity profiles during methanol conversion with
formaldehyde cofeeds on HZSM-5
Transient profiles showing a monotonically increasing trend in aromatics selectivity (Fig.
2.7a) accompanied by a monotonic deleterious effect on catalyst stability (Fig. 2.7b) with
increasing HCHO cofeed concentrations (0 – 20Pa) in methanol (0.6 kPa) feed.
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Fig. 2.7: (a) Methanol conversion and (b) aromatics selectivity profiles with increasing
HCHO cofeed concentrations (0 – 20Pa) during MTH on HZSM-5 at 623 K, 0.6 kPa CH3OH,
and 17.3 s molH+mol -1C .
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Chapter 3
Effects of CO cofeeds on methanol to hydrocarbons catalysis over HZSM-5
and its mechanistic basis
3.1 Abstract
Methanol feeds with excess CO (CO/CH3OH >100) compared to He at 673K result in en-
hanced aromatics and ethene production at the expense of C3 –C7 olefins at early turnovers
indicating enhanced propagation of aromatics cycle over its olefinic counterpart. The ra-
tio of alkanes-to-aromatics is also lower in the case of methanol/CO feeds compared to
methanol/He feeds. The catalyst lifetime is, however, short with CO cofeeds and as the con-
version decreases with increasing turnovers, the combined selectivity of oxygenates (methyl
acetate, CH3COOCH3, and acetic acid, CH3COOH) increases simultaneously. These ob-
servations can be rationalized as a consequence of CO incorporation into the hydrocarbon
pool via carbonylation of methanol-derived surface species to form acetyl intermediates
that can desorb into the gas-phase either via involvement in hydrogen transfer reactions
to form the corresponding aldehydes, or via hydrolysis or methanolysis to form the cor-
responding carboxylic acids or esters which can ketonize via coupling reactions. The re-
sulting aldehydes and ketones can undergo aldol-condensation to form higher unsaturated
homologues which can form aromatics via a network of hydrogen transfer, decarbonyla-
tion, cyclization, and dehydration steps. Aromatics production was significantly enhanced
(∼5×) during methanol/acetic acid feeds compared to methanol-only feeds at iso-conversion
levels (∼2.3%C), and no carbonyl compounds or selectivity changes were detected during
reactions of propene/CO/H2O mixtures compared to propene/He/H2O feeds. These obser-
vations lend credence to the proposal that the intermediate formation of acetyl species from
co-reaction of methanol and CO followed by the formation of aldehydes and ketones likely
underlies the observed selectivity changes during methanol conversion with high-pressure
CO cofeeds over HZSM-5.
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3.2 Introduction
The dehydrative conversion of methanol to hydrocarbons (MTH) over solid acid zeolite
or zeotype catalysts propagates via a hydrocarbon pool mechanism wherein organic co-
catalysts entrained within the zeolite pores act as scaffolds for repeated methylation and
dealkylation steps [26, 37, 38]. The reactions of methylation and β-scission involving olefinic
co-catalysts are referred as the ‘olefins cycle’ while methylation and dealkylation reactions
involving aromatic co-catalysts are referred as the ‘aromatics cycle’. The two cycles are
interconnected by hydrogen transfer and cyclization reactions which mediate the transfor-
mation of olefins to aromatics while resulting in the concomitant formation of alkanes [61,
99]. Ethene is considered to be derived predominantly from the aromatics cycle via dealky-
lation, as evidenced from isotopic switching experiments which show that the amount of 13C
incorporation in ethene and aromatics matches closely and is distinct from that observed
in C3+ olefins after 12C-methanol is switched to 13C-methanol feed [31, 39].
The direct incorporation of carbon atoms from carbon monoxide to promote aromatics
production during methanol conversion was recently reported by Cheng et al. [100] and
Chen et al. [46]. Cheng et al. [100] noted that at complete methanol conversion, the aro-
matics selectivity increased to ∼34 – 75%C during methanol (0.09 – 1.8 bar) feeds with CO
(0.9 – 18 bar) cofeeds relative to ∼18%C observed during methanol (0.09 bar) feed with N2
(0.9 bar) cofeed on a bifunctional catalyst formulation of Zn-ZrO2/HZSM-5 at 703K and
20 h time on stream. This increase in aromatics production were observed without an in-
crease in C2 –C4 alkanes selectivity which remained ∼21%C irrespective of the CO cofeed
concentrations. Cofeeding CO (0.9 bar) in place of N2 with methanol (0.09 bar) on HZSM-5
alone, however, did not result in any enhancement of aromatics selectivity (∼21%C), which
led the authors to propose that the metal functionality is important and that CO molecules
chemisorbed on Zn-ZrO2 nanoparticles could act as hydrogen acceptors to form CH3OH
while resulting in increased aromatics production from methanol conversion without the
simultaneous increase in alkanes formation. This proposal was supported by the enhance-
ment in aromatics selectivity (∼14 – 82%C) observed as the intimacy of the two components
(Zn-ZrO2 and HZSM-5) was increased from dual-bed (Zn-ZrO2 bed upstream of HZSM-5
separated by quartz wool) to dispersed (Zn-ZrO2 nanoparticles dispersed on micrometer-
sized HZSM-5 crystals) configurations. The C2 –C4 alkanes selectivity, on the other hand,
decreased from ∼38%C to ∼13%C with increasing intimacy of the two catalytic compo-
nents. In a review article on hydrogen spillover, Prins [101] argued that the migration of H
atoms from an insulating non-reducible surface (for instance, zeolite) to that of the metal
would have large enthalpic barriers (>260 kJ/mol) and therefore, the proposal of H migra-
tion from the zeolite surface to the CO molecules adsorbed on Zn-ZrO2 seems unlikely. In
a later study, Chen et al. [46] showed that the metal component (for instance, Zn-ZrO2) is
not necessary for the promotional effect of CO cofeeds on aromatics production by demon-
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strating that at complete methanol conversion, ∼80%C initial aromatics selectivity can be
achieved with high-pressure (∼40 bar) CO cofeeds compared to ∼40%C observed in the
case of N2 cofeeds with methanol (0.35 bar) on HZSM-5 alone at 673K. The C2 –C4 alkanes
selectivity in the case of CO cofeeds was only ∼20%C compared to ∼53%C observed in the
case of N2 cofeeds. Based on the observations of (i) low reactivity of propane/CO, CO-only
and CO/H2 (2:1) feeds, and (ii) detection of carbonyl compounds (acetic acid, CH3COOH
and methyl acetate, CH3COOCH3) at the beginning of deactivation during methanol con-
version with CO cofeeds on the HZSM-5 sample at 673K, the authors proposed that these
carbonyl compounds generated from coupling of CO and CH3OH via Koch-type reactions
[102] act as key intermediates which can produce methyl-cyclopentenones (MCPOs) via re-
action with olefins, and the MCPOs can further transform to aromatics. MCPOs were not
observed in the eﬄuent stream during methanol conversion with N2/CO cofeeds but were
only detected during analysis of the organic extracts obtained from dissolution-extraction
experiments performed on the HZSM-5 sample post methanol feed with somewhat higher
amounts in the case of CO versus N2 cofeeds. No mechanistic details pertaining to the
formation of methyl-cyclopentenones via reactions of olefins and aforementioned carbonyl
compounds, and their further transformation to aromatics via elimination of water were
discussed.
In this study, we report that at both sub-complete and complete methanol conver-
sion, co-feeding CO results in increased aromatics (and ethene) production at the expense
of C3 –C7 olefins indicating preponderance of the aromatics cycle compared to its olefinic
counterpart. The enhancements are, however, observed with accelerated rates of catalyst
deactivation and alike the observations reported by Chen et al. [46], acetic acid and methyl
acetate are detected in the eﬄuent with reaction progress. We suggest, based on indepen-
dent experiments involving methanol/acetic acid mixtures and propene/CO/H2O mixtures,
that the noted enhancements in aromatics selectivity during methanol conversion with CO
cofeeds can likely be rationalized based on the formation of aldehydes and ketones from the
acetyl intermediates generated by carbonylation of the methanol-derived surface species.
3.3 Materials and Methods
3.3.1 Catalyst characterization
The ZSM-5 samples (CBV2314, Si/Al = 11.5, and CBV8014, Si/Al = 41.7) used in this
study were obtained from Zeolyst in ammonium form and converted to proton form by ther-
mal treatment in flowing dry air (1.67 cm3 s-1; Zero Grade, Matheson) at 823 K (0.0167 K s-1
ramp rate from RT) for 4 h. The characterization details of the CBV8014 sample have been
reported in Chapter 2. Briefly, the bulk Si/Al ratio (= 41.7) was obtained from Scan-
ning Electron Microscopy with Energy Dispersive X-ray spectroscopy (SEM-EDS) mea-
surements. The Si/Al ratio (= 42.7) in the near-surface region was obtained from X-ray
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Photoelectron spectroscopy (XPS) measurements and confirmed that Al is uniformly dis-
tributed in the lattice. The Brunauer-Emmett-Teller (BET) surface area and t-plot micro-
pore volume are 386 m2 g-1 and 0.12 cm3 g-1, respectively, as ascertained from N2 adsorption
measurements at 77K. The Brønsted acid site density (0.20 mmol g−1) was enumerated from
NH3 temperature programmed desorption measurements.
3.3.2 Catalytic testing
All experiments were performed in a borosilicate glass-lined stainless steel reactor tube
(6.35 mm outer diameter and 4 mm inner diameter; Scientific Glass Engineering). The
proton-form zeolite sample was subject to pelletization, crushing, and sieving to retain 180-
250 µm (60-80 mesh) aggregates which were physically mixed with aggregates of sand (Acros
Organics; subjected prior to an overnight wash in 2M HNO3 solution followed by deionized
water rinse until pH ∼7, and a final thermal treatment in flowing dry air (1.67 cm3 s-1) at
1273 K (0.083 K s-1 ramp rate from RT) for 16 h; 10 < wtdiluent/wtcat < 15) and packed
in the middle of the reactor tube between quartz wool (Technical Glass Products) plugs.
The tubular reactor was placed inside a resistively heated furnace (Model 3210, Applied
Test Systems), and the reaction temperature was measured using a K-type thermocouple
(TJ36-CAXL-020U-12, Omega) wrapped around the reactor periphery with the tip placed
near the axial-center and regulated with an electronic controller (Series 96, Watlow). The
free volume above and below the catalyst bed was occupied by quartz rods (3mm O.D.;
Technical Glass Products) to prevent any vertical displacement of the catalyst bed. Prior
to catalytic measurements, the catalyst bed was pretreated in flowing dry air (1.67 cm3 s-1)
at 823K (0.0167 K s-1 ramp rate from RT) for 4 h before being allowed to cool down to
673K and being subject to a He (1.67 cm3 s-1; 99.997%, Matheson) purge at 673K for
≥2 h. All gas flows including CO (99.999%, Matheson), H2 (99.9999%, Matheson), propene
(999.2 ppm balance Ar, Liquid Tech), He, and Ar (99.9995%, Matheson) were metered us-
ing mass flow controllers (Model 5850E, Brooks). A carbonyl and sulfur trap (a 3:1 v/v
mixture of activated carbon (GCN48, Norit) placed upstream and Cu-Zn oxide (PuriStar
R3-12, BASF) placed downstream packed in a stainless steel tube (6.35 mm outer diameter
and 4 mm inner diameter)) was placed downstream of the CO cylinder and upstream of
the mass flow controller. All liquid flows including methanol (≥99.9%, Fluka), acetic acid
(≥99.0%, ReagentPlus®, Sigma), or mixtures thereof were delivered using a syringe pump
(Legato 100, KD Scientific), vaporized in heat traced lines (∼358 K), and swept by the
flowing gas stream. The total gas-phase pressure was measured using a pressure transducer
(0 – 6890 kPag; PX32B1-1KGV, Omega) placed upstream of the reactor tube, and controlled
using a back-pressure regulator (0 – 3440 kPag; 44-2300 series, Tescom) placed downstream.
The composition of the reactant and product streams were quantified using a gas chromato-
graph (Model 7890A, Agilent) equipped with a dimethylpolysiloxane HP-1 column (50 m
× 320 µm × 0.52µm) connected to a flame ionization detector and a mass spectrometer
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(Model 5975C, Agilent) for detection of hydrocarbons, and a GS-GasPro column (60 m ×
320 µm) connected to a thermal conductivity detector for detecting permanent gases (H2,
CO, CO2, and Ar). Dimethyl ether (DME), the dehydration product of methanol, in the
eﬄuent was considered as unconverted reactant along with methanol, and conversion was
defined as the ratio of the total carbon flow rate of eﬄuent hydrocarbons to the total car-
bon flow rate of eﬄuent hydrocarbons and unconverted reactants. Cumulative turnovers,
defined as the cumulative amount of methanol/DME-derived carbon atoms normalized by
the total acid sites in the catalyst bed observed in eﬄuent hydrocarbons at a certain time
on stream, was used to assess reaction progress.
3.4 Results and Discussion
3.4.1 CO cofeeds with CH3OH
Cofeeding excess CO (CO/CH3OH >100) with methanol results in an increase in the initial
aromatics and ethene selectivity compared to the case of methanol feed with He both at
sub-complete (11.8 and 12.3%C versus 7.8 and 9.5%C at sub-complete methanol conver-
sion, Fig. 3.1) and complete methanol conversion (27.3 and 18.1%C versus 12.9 and 11.3%C
at complete methanol conversion, Fig. 3.2) over HZSM-5 at 673K. In context of the hy-
drocarbon pool mechanism, these selectivity changes reflect enhanced propagation of the
aromatics cycle over its olefinic counterpart during methanol conversion with CO cofeeds.
On the other hand, the initial alkanes-to-aromatics molar ratios are observed to be lower
with CO cofeeds due to suppressed formation of alkanes alongside higher aromatics produc-
tion. These beneficial effects of increased aromatics production without the concomitant
increase in alkanes formation are, however, transient in nature and the catalyst deactivates
rapidly with reaction progress. The selectivity of hydrocarbon products decreases with the
simultaneous increase in the selectivity of carbonyl compounds, methyl acetate and acetic
acid, as methanol conversion decreases, indicating their relevance to the enhanced aromat-
ics production observed at early turnovers. Small cumulative amounts of formaldehyde and
acetone (3.4%C and 1.5%C, respectively, with 0.6 bar CO cofeeds and 0.006 bar CH3OH;
and 3.5%C and 6.0%C, respectively, with 8 bar CO cofeeds and 0.01 bar CH3OH) were also
observed in the eﬄuent.
The formation of aforementioned carbonyl compounds can be explained by zeolites-
catalyzed Koch-type reactions wherein CO insertion to dehydrated methanol-derived sur-
face species results in the formation of acetyls that can undergo hydrolysis (path (i) in
Scheme 3.1) or methanolysis (path (ii) in Scheme 3.1) to form acetic acid or methyl ac-
etate, respectively [103, 104]. Acetic acid and methyl acetate can further undergo ketoniza-
tion via coupling reactions to generate acetone with the concomitant production of CO2
and methanol/dimethyl ether (path (iv) in Scheme 3.1) [105]. Apart from hydrolysis or
methanolysis, the acetyls can also undergo transfer hydrogenation with methanol to gener-
22
3.4. Results and Discussion
(a)
0 100 200 300 400 500
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
(b)
0 50 100 150 200 250
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
Cumulative turnovers /molCmol
-1
Al
0
2
4
6
A
lk
an
es
/M
B
s
0
2
4
6
A
lk
an
es
/M
B
s
Conversion CH4 C=2 C
0
2 C
=
3 C
0
3 C
=
4-7 C
0
4-7 MBs C8+ MeOAc+HOAc
(a)
0 100 200 300 400 500
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
(b)
0 50 100 150 200 250
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
Cumulative turnovers /molCmol
-1
Al
0
2
4
6
A
lk
an
es
/M
B
s
0
2
4
6
A
lk
an
es
/M
B
s
Conversion CH4 C=2 C
0
2 C
=
3 C
0
3 C
=
4-7 C
0
4-7 MBs C8+ MeOAc+HOAc
(a)
0 100 200 300 400 500
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
(b)
0 50 100 150 200 250
0
20
40
60
80
100
M
et
ha
no
lc
on
ve
rs
io
n
an
d
C
um
ul
at
iv
e
se
le
ct
iv
ity
/%
C
Cumulative turnovers /molCmol
-1
Al
0
2
4
6
A
lk
an
es
/M
B
s
0
2
4
6
A
lk
an
es
/M
B
s
Fig. 3.1: Methanol conversion and cumulative selectivity (left ordinate), and alkanes/mbs
molar ratio (right ordinate, ) versus cumulative turnovers during reactions of 0.006 bar
methanol with (a) 1.2 bar He and (b) 0.6 bar CO cofeeds on 3.8mg HZSM-5 (Zeolyst
CBV2314) at 673K and 68.7molCH3OH (molAl·ks)-1. The superscripts ‘=’ and ‘0’ in the
legend represent olefinic and paraffinic fractions of the particular carbon group; ‘MBs’ and
‘MeOAc+HOAc’ represent methyl-substituted benzenes, and combined sum of methyl ac-
etate and acetic acid, respectively.
ate acetaldehyde and formaldehyde (path (iii) in Scheme 3.1). This pathway is suggested
based on the known role of methanol as a hydrogen donor during methanol conversion over
zeolites [61, 62, 99, 106]. The generated aldehydes and ketones can then undergo aldol
condensation reactions to generate higher unsaturated homologues that can participate in a
network of hydrogen transfer, decarbonylation, cyclization, and dehydration steps to gener-
ate aromatics, as evidenced in previous experimental reports on acetaldehyde and acetone
conversion on zeolites [45, 107, 108]. The suggested role of acetyls as hydrogen acceptors
provides a basis for the suppressed formation of paraffins alongside the increased aromatics
production noted at early turnovers.
3.4.2 CH3COOH cofeeds with CH3OH
We carried out acetic acid cofeed experiments to corroborate its involvement in aromatics
production during methanol conversion via the proposed ketonization pathway. The pri-
mary product (∼99.3%C selectivity) resulting from acetic acid conversion (∼90%C) was
methyl acetate which is likely produced from the esterification reaction of acetic acid and
methanol. However, in terms of the eﬄuent hydrocarbon composition, co-feeding acetic
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Fig. 3.2: Methanol conversion and cumulative selectivity (left ordinate), and alkanes/mbs
molar ratio (right ordinate, ) versus cumulative turnovers during reactions of 0.01 bar
methanol with (a) 1 bar He and (b) 8 bar CO cofeeds on 3.8mg HZSM-5 (Zeolyst CBV2314)
at 673K and 27.5molCH3OH (molAl·ks)-1.
acid (1:10 mol/mol) with methanol results in a significant enhancement (∼5×) in aromatics
selectivity at iso-conversion levels (∼2.3%C) (Fig. 3.3). The aromatics distribution (Table
3.1) reflects a notable increment in the combined selectivity of tri- and tetramethylben-
zenes (∼45.2%C versus ∼31.2%C) as a consequence of acetic acid cofeeds, consistent with
self-condensation of acetone that results in the formation of trimethylbenzenes [107, 109]
which can get methylated to tetramethylbenzenes under MTH conditions. Acetone and
CO2 (∼0.7%C combined selectivity) were also observed in a <1 molar ratio (∼0.5) while
considering acetic acid conversion, which further validates the occurrence of acetic acid ke-
tonization via coupling reactions followed by self-condensation of acetone resulting in the
formation of aromatics.
Table 3.1: Aromatics distribution (in %C) during reactions of 0.028 bar CH3OH (a) with-
out and (b) with 0.0028 bar CH3COOH cofeed on 1.7mg HZSM-5 (Zeolyst CBV8014) at
623K and 1023.2molCH3OH (molH+ ·ks)-1.
Toluene Xylenes TriMBs TetraMBs
CH3OH-only 10.5 58.3 31.2 0
CH3OH+Acetic acid 8.5 46.3 36.5 8.7
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Scheme 3.1: Schematic illustrating reactions of acetyls (CH3CO–Z) that are formed
by CO insertion to surface methyls (CH3 –Z) derived from dehydration of methanol on
Brønsted acid sites (H–Z). Reactions of acetyls with water [path (i)] and with methanol
[path (ii)] result in the formation of acetic acid and methyl acetate, respectively, while
their involvement in hydrogen transfer with methanol [path (iii)] result in the formation of
acetaldehyde and formaldehyde while regenerating the acid site. Acetic acid and methyl
acetate can also undergo coupling reactions to produce acetone and CO2 alongside methanol
in the case of acetic acid and dimethyl ether in the case of methyl acetate [path (iv)].
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Fig. 3.3: Cumulative selectivity (left ordinate) and methanol conversion (right ordinate,
) versus cumulative turnovers during reactions of 0.028 bar CH3OH (a) without and (b)
with 0.0028 bar CH3COOH cofeed on 1.7mg HZSM-5 (Zeolyst CBV8014) at 623K and
1023.2molCH3OH (molH+ ·ks)-1.
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3.4.3 CO and H2O cofeeds with C3H6
Lastly, we also carried out independent experiments involving reactions of CO and H2O
cofeeds with propene in order to explore the possibility of Koch-type reactions involving CO
insertion to olefins-derived surface species under MTH-relevant conditions. Figs. 3.4a and
b show that cofeeding CO (2 bar) with propene (0.001 bar) results in no significant changes
in the selectivity of C4 –C7 olefins and aromatics compared to the case of He cofeeds at
equivalent concentrations. Furthermore, the presence of excess H2O (H2O/C3H6 ∼130) also
did not result in any detectable formation of carboxylic acids as would be expected from
hydrolysis of any acetyl species formed on the zeolite surface from co-reaction of CO and
C3H6. These results evince that under MTH conditions, olefins likely do not undergo any
direct attack by CO.
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Fig. 3.4: Cumulative selectivity (left ordinate) and propene conversion (right ordinate,
) versus cumulative turnovers during reactions of 0.001 bar C3H6 and 0.013 bar H2O with
(a) 2 bar He and (b) 2 bar CO cofeeds on 5.1mg HZSM-5 (Zeolyst CBV2314) at 673K and
2.0molC3H6 (molAl·ks)-1.
3.5 Conclusions
Cofeeding CO with methanol results in significant enhancements in aromatics (and ethylene)
selectivity without the concomitant increase in alkanes production as expected from conven-
tional hydrogen transfer pathways during methanol conversion. These effects are, however,
short-lived and the catalyst deactivates rapidly. The addition of CO to methanol-derived
surface intermediates followed by a combination of hydrogen transfer, hydrolysis, methanol-
ysis, and ketonization steps would result in the production of aldehydes and ketones. These
26
3.5. Conclusions
carbonyl compounds can then undergo aldol condensation to generate unsaturated higher
homologues that can transform to produce aromatics. Cofeeding CO with propene results
in no significant effect on aromatics selectivity while cofeeding acetic acid with methanol
results in a substantial increase in the aromatics selectivity, thereby providing evidence for
the prolific role of acetyls derived from co-reaction of methanol and CO as key intermedi-
ates to promote aromatics production during methanol conversion with high-pressure CO
cofeeds over HZSM-5, or in general, during reactions of syngas mixtures over bifunctional
catalyst formulations of mixed metal oxides and zeolites.
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4.1 Abstract
We demonstrate that catalyst lifetime in methanol-to-olefins catalysis over HSAPO-34 at
sub-complete methanol conversion, as determined by the cumulative turnover capacity per
Brønsted acid site towards hydrocarbon products in the eﬄuent before complete catalyst
deactivation (<15 %C final conversion), can be enhanced with increasing efficacy (∼2.8×
to >70×) by cofeeding H2 at increasing partial pressures (400 to 3000 kPa) in the influent
with methanol as compared to cofeeding He at equivalent pressures. The lifetime im-
provement in the presence of high-pressure H2 cofeeds is observed to be more prominent
at complete methanol conversion than at sub-complete conversion. The improvements in
catalyst lifetime by cofeeding H2 are rendered without any deleterious effects on C2 –C4
olefins selectivity which remains ∼85 %C irrespective of the inlet H2 pressure. These obser-
vations can be rationalized based on the participation of H2 in hydrogen transfer reactions,
and in effect, interception of pathways that promote the formation of deactivation-inducing
polycyclic species.
4.2 Introduction
Methanol-to-olefins (MTO) catalysis over the proton-form chabazite (CHA)-type zeotype
material, HSAPO-34, is commercially deployed as a non-oil based alternative for the pro-
duction of light olefins, ethene and propene [2, 3, 66, 110]. The CHA topology (with large
ellipsoidal cages, 10Å×6.7Å, interconnected via narrow 8-MR apertures, 3.8Å×3.8Å) [98]
of this silico-aluminophosphate material only allows effusion of small-chain linear molecules
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[24, 25, 30, 71, 72] enabling high C2 –C4 olefins selectivity (>85 %C) during methanol-to-
olefins conversion [84, 111], however, this characteristic also renders this material suscep-
tible to deactivation by accumulation of unreactive polycyclic aromatic compounds inside
the large cages with reaction progress [15, 26, 90]. The mechanistic origins of light olefins in
auto-catalytic MTO chemistry are described by the hydrocarbon pool mechanism involving
olefins and aromatics as organic co-catalytic centers that act as scaffolds for C–C bond
formation and scission [20, 24–26, 72]. Formaldehyde production in methanol transfer de-
hydrogenation events and the resulting alkylation of olefin and aromatic chain carriers by
formaldehyde has been implicated in recent reports to play a critical role in initiation and
termination sequences in MTO [43, 61, 63, 99, 106]. We surmise that H2 acts as a hydro-
gen transfer reagent at high-pressures on zeolites/zeotypes (also reported by Meusinger and
Corma [112]) and thereby, mitigates the transformation of active olefin and monocyclic aro-
matic organic co-catalysts in MTO to polycyclic species responsible for catalyst deactivation
[26, 113, 114].
We report that cofeeding H2 at high partial pressures (400 – 3000 kPa) with CH3OH
(13 kPa) results in orders of magnitude (∼2.8× to >70×) improvement in catalyst life-
time relative to He cofeeds at identical pressures under sub-complete conversion condi-
tions. These improvements are afforded while maintaining the high C2 –C4 olefins selec-
tivity (∼85 %C) attribute of HSAPO-34, irrespective of the H2 partial pressure in the feed
with methanol. Further, varying the inlet concentration of H2 enables selectivity control
over the light olefins distribution in MTO wherein ethene-to-propene molar ratio in the ef-
fluent is noted to systematically decrease with increasing H2 partial pressure. Cofeeding H2
at complete methanol conversion conditions (lower space velocities) exhibits an even more
pronounced effect on the cumulative turnover capacity of HSAPO-34 for MTO than at sub-
complete conversion conditions. Co-processing H2 (400 kPa and 1600 kPa) with CH3OH
over HSSZ-13—silicoaluminate analog of HSAPO-34—and HZSM-5—silicoaluminate zeo-
lite with MFI topology—also results in improved catalyst lifetimes (∼4.5× and ∼3×, re-
spectively) demonstrating that the beneficial effects of co-processing H2 during MTO are
prevalent regardless of the zeolite or zeotype material employed. The observed improve-
ments in catalyst lifetime by cofeeding H2 can be rationalized by the direct involvement of
H2 in hydrogen transfer reactions in MTO with increasing efficacy as the inlet partial pres-
sure of H2 increases. Specifically, we demonstrate in experiments that involve co-processing
H2 with methanol/formaldehyde mixtures that a role of H2 is to intercept formaldehyde-
mediated deactivation pathways, which consequently manifests in longer catalyst lifetimes
for MTO conversion.
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4.3 Methods
4.3.1 Catalyst preparation
The templated form of SAPO-34 was formulated by stirring together 8.2 g of aluminum
isopropoxide (Al(OC3H7)3) with a solution of 3.9 g of 85wt% orthophosphoric acid in 8.4 g of
deionized (DI) H2O. Subsequently, 1.2 g of an aqueous solution of 30wt% SiO2 (Ludox AS-
30) and 0.5 g of DI H2O were stirred into the mixture until a homogeneous consistency was
achieved. Finally, 16.8 g of an aqueous solution of 35wt% tetraethylammonium hydroxide
(TEAOH) was added to form the reaction mixture. Once formulated, the reaction mixture
was placed in a stainless steel stirred Parr reactor and heated to 473 K at 0.0083 K s-1. The
temperature was maintained for 120 h under autogenous pressure while stirring at 60 rpm.
The product was recovered by centrifugation, washed with DI H2O, and dried at 363 K
overnight.
4.3.2 Catalyst characterization
The framework type of the synthesized material was confirmed as CHA by powder X-
ray Diffraction (XRD) (Fig. 4.9). The overall (Al+P)/Si = 9.7 atomic ratio was deter-
mined from the bulk composition obtained using X-ray Fluorescence (XRF) (Table 4.3).
Measurements obtained from Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) and Neutron Activation Analysis (NAA) indicated absence of any major metallic
impurities in the sample (Table 4.3). The (Al+P)/Si = 8.1 atomic ratio in the near-surface
region was determined from X-ray Photoelectron Spectroscopy (XPS) and suggests that Si
is homogeneously distributed in the lattice (Fig. 4.10 for the spectra and Table 4.4 for
the atomic composition). The cubic morphology and average crystallite size (∼1 µm) were
characterized by Scanning Electron Microscopy (SEM) (Fig. 4.11). The Brunauer-Emmett-
Teller (BET) surface area (∼554 m2 g-1), and t-plot micropore volume (∼0.28 c3m g-1) were
determined from N2 adsorption-desorption at 77K (Fig. 4.12 and Table 4.5). 27Al, 29Si, and
31P Magic-Angle Spinning Nuclear Magnetic Resonance (MAS NMR) spectra (Table 4.6
for the experimental conditions and Fig. 4.13 for the spectra) evidenced that i) a majority
of Al and P atoms were tetrahedrally coordinated in framework positions and located at
sites of identical chemical environment, and ii) a majority of Si atoms were incorporated as
isolated sites with tetrahedral coordination to Al atoms in framework positions. The Brøn-
sted acid site density (∼1.1mmol g-1) was enumerated from NH3 Temperature Programmed
Desorption (TPD) (Fig. 4.14 and Table 4.7). Further characterization details are provided
in Sections 4.6.6 – 4.6.12.
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4.3.3 Catalytic testing
All experiments were performed in a borosilicate glass-lined stainless steel reactor tube
(6.35 mm outer diameter and 4 mm inner diameter; Scientific Glass Engineering). The
tubular reactor was placed inside a resistively heated furnace (Applied Test Systems, Model
3210), and the reaction temperature was measured using a K-type thermocouple (KMTXL-
020U, Omega) wrapped around the reactor periphery with the tip placed near the axial-
center and regulated with an electronic controller (Series 96, Watlow). The as-synthesized
uncalcined SAPO-34 sieve fractions (180 – 420 µm) diluted with sand (Acros Organics) sieve
fractions (150 – 420 µm; subject to a prior wash in 2M HNO3, deionized water rinse, and
treatment in flowing dry air at 1273 K for 12 h; ≤ 0.15 gcat g-1sand) were packed into the mid-
dle heated zone of the reactor between quartz wool plugs prior to the reactor being placed
in the furnace. To avoid displacement of the catalyst under high-pressure gas flows, the
remaining reactor volume was filled with quartz rods (3 mm outer diameter). Prior to every
experiment, the starting catalyst material was converted to its proton form by in-situ ther-
mal treatment in flowing dry air (1.67 cm3 s-1; Minneapolis Oxygen) at 823 K (0.0167 K s-1
ramp rate) for 6 h before being allowed to cool down to 673K and being subject to a
He (1.67 cm3 s-1; 99.997%, Minneapolis Oxygen) purge at 673K for ≥ 2 h. The total gas-
phase pressure during experiments was measured using a pressure transducer (0 – 6890 kPag,
PX32B1-1KGV, Omega; connected to a digital reader (DP25B-E, Omega)) placed upstream
of the reactor, and controlled using a back-pressure regulator (0 – 3440 kPag, 44-2300 series,
Tescom) placed downstream. All gas flows including H2 (99.999%, Matheson), He, C3H6
(5% in balance He, Certified Standard, Praxair), and Ar (99.9995%, Matheson) were me-
tered using mass flow controllers (Model 5850E, Brooks). Depending on the operating
conditions, liquid reagents including CH3OH (≥ 99.9%, Fluka), HCHO (16% w/v in H2O,
Pierce), deionized (DI) H2O, or mixtures thereof were delivered either using a stainless
steel syringe (Harvard Apparatus) or a glass syringe (Scientific Glass Engineering) which
were driven by a PHD ULTRA™ XF syringe pump (Harvard Apparatus) or a Legato 100
syringe pump (KD Scientific), respectively. The liquids were fed and evaporated in heat
traced lines (353 K), and swept by the flowing gas stream. Reactor eﬄuent stream compo-
sitions were quantified using a gas chromatograph (Model 7890A, Agilent) equipped with
a dimethylpolysiloxane HP-1 column (50 m × 320 µm × 0.52µm) connected in parallel to
a flame ionization detector and a mass spectrometer (Model 5975C, Agilent) for detecting
hydrocarbons and oxygenates, and a GS-GasPro column (60 m × 320 µm) connected to a
thermal conductivity detector for detecting permanent gases (H2, Ar, and CO). The partial
pressure of methanol in the feed was kept fixed at 13 kPa by feeding methanol at a constant
flow rate of 0.033 cm3 s-1 (gas-phase) while varying the inlet flow rate of the diluent (He or
H2) from 1 to 8 cm3 s-1 and the total gas-phase pressure of the combined feed from 435 to
3035 kPa in order to achieve the desired partial pressures of the diluent (400 to 3000 kPa);
Ar was used as the internal standard and its flow rate was also kept fixed at 0.056 cm3 s-1
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corresponding to a partial pressure of 22 kPa under the employed operating conditions for
the high-pressure studies.
4.4 Results and Discussion
4.4.1 Effects of H2 on lifetime and selectivity in MTO on HSAPO-34.
Cofeeding H2 at increasing inlet partial pressures (400 – 3000 kPa) with CH3OH (13 kPa)
feed at sub-complete methanol conversion (calculated based on the eﬄuent hydrocarbon
products excluding dimethyl ether [DME]) results in a monotonic increase (∼2.8× to >70×)
in the cumulative turnover capacity (<15 %C final conversion) of HSAPO-34 for MTO
catalysis (Fig. 4.1a). The catalyst exhibits far superior performance at the highest par-
tial pressure (3000 kPa) of H2 cofeed employed in the study compared to lower influent
H2 concentrations and is only partially deactivated even after 130 hours on-stream. The
lifetime enhancement factors calculated based on the cumulative turnovers attained when
final methanol conversion levels drop below ∼50 %C and ∼15 %C with varying H2 pressures
are tabulated in Table 4.2. Contrary to the effects observed with high-pressure H2 cofeeds,
cofeeding high-pressure He at equivalent pressures is observed to have no influence on the
lifetime of HSAPO-34 for methanol conversion (Fig. 4.1a) demonstrating unambiguously
that the presence of H2 is paramount for improved catalyst lifetimes in MTO. We note that
any effects on the maximum conversion levels (Fig. 4.1a) owing to potential catalyst bypass
at the high diluent feed rates (1 – 8 cm3 s-1) relative to methanol (0.033 cm3 s-1) required to
achieve the desired partial pressures of the respective reagents trend in the same direction
irrespective of the diluent identity, He or H2 (Fig. 4.5); the observed decrease in maximum
conversion levels with increasing H2 pressures is therefore unrelated to catalyst lifetime.
Figs. 4.1b and 4.1c present the effects of varying the inlet partial pressures of He versus
H2 cofeeds, respectively, on the cumulative selectivity of different hydrocarbon products
observed in the eﬄuent stream during MTO over HSAPO-34. Cumulative selectivity repre-
sents the fractional amount of methanol/DME derived carbon atoms observed in a particular
product to the total amount observed in all eﬄuent products (C1 –C6+) over the catalyst
lifetime. With the exception of the study involving 3000 kPa H2 cofeed, C2 selectivity is ob-
served to monotonically decrease (31.9%C to 27.4%C) while the combined selectivity of C3
and C4 is observed to monotonically increase (62.3%C to 66.3%C) with increasing influent
H2 partial pressure (0 – 1600 kPa); C5+ selectivity is observed to exhibit no discernible trend
and remains invariant (∼5%C) with H2 partial pressure. The lower combined selectivity to
C3 –C4 fractions and higher C5+ selectivity in the study with 3000 kPa H2 cofeed relative
to lower partial pressures of H2 can be rationalized as a consequence of lower extent of
olefin interconversion reactions at the high conversion levels noted over the entire span of
reaction progress. Further, cumulative CH4 selectivity is observed to monotonically increase
(0.49%C to 1.57%C) with increasing PH2 (0 – 3000 kPa), however, the cumulative C1 selec-
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Fig. 4.1: (a) Methanol conversion profiles versus cumulative turnovers observed with vary-
ing He (empty symbols) or H2 (filled symbols) cofeeds; (b), (c) Cumulative selectivity versus
inlet partial pressures of (b) He or (c) H2 cofeeds during methanol feed on 4mg HSAPO-
34 at 673K, 13 kPa CH3OH, 70 kPa He (≡ 0 kPa H2) – 3000 kPa He; 400 – 3000 kPa H2,
40 gCH3OH gcat-1 h-1. (a) The vertical dashed line denotes the cumulative turnover capacity
of HSAPO-34 for methanol conversion with helium cofeed at 70 kPa, which is used to cal-
culate the relative lifetime improvement factors (listed at the end of the lines with filled
symbols) with different H2 cofeeds; (b), (c) The dark- and light-shaded regions represent
olefinic and paraffinic fractions of the respective carbon group listed in the dark bars.
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tivity (including CH4 and CO) is < 1.6 %C at all H2 partial pressures which is insignificant
compared to the selectivity of C2 –C4 fractions (∼85 %C). The observed monotonic trends
in selectivity with varying H2 cofeeds are in contrast to the case of He cofeeds at equivalent
conditions where no such perceptible trends are noted.
Table 4.1 presents the effects of varying H2 partial pressure on the ethene-to-propene
molar ratio (E/P), and olefins-to-paraffins molar ratio (O/P) in the eﬄuent hydrocarbon
product stream. E/P represents the ratio of the total molar amount of ethene to the total
molar amount of propene, and O/P represents the ratio of the total molar amount of C2 –
C6+ olefins to the total molar amount of C1 –C6+ paraffins, including CH4, observed over the
catalyst lifetime. The monotonic decrease in E/P (1.06 to 0.82) with increasing H2 partial
pressure (0 – 3000 kPa) suggests suppressed rates of propagation of the aromatics-based
cycle over its olefins-based counterpart as ethene is predominantly formed in aromatics-
based methylation and dealkylation events during MTO on HSAPO-34 [36, 115]. O/P also
monotonically decreases (40.5 to 10.8) with increasing H2 partial pressure (0 – 3000 kPa) but
exceeds 10 even at the highest co-fed pressure of H2 evidencing that the eﬄuent product
stream, dominated by C2 –C4 fractions, is mostly composed of olefins and that co-processing
H2 does not disrupt the high light olefin selectivity characteristic of HSAPO-34 in MTO.
In comparison, cofeeding He at equivalent pressures has no effect on both E/P and O/P.
Table 4.1: Ethene-to-propene (E/P) and olefins-to-paraffins (O/P) molar ratios with He
versus H2 cofeeds during methanol conversion on 4mg HSAPO-34 at 673K, 13 kPa CH3OH,
70 kPa He (≡ 0 kPa H2) – 3000 kPa He; 400 – 3000 kPa H2, 22 kPa Ar, 40 gCH3OH gcat-1 h-1.
Cofeed He H2
Partial pressure
(kPa) 70 400 800 1600 3000 0 400 800 1600 3000
E/P 1.06 1.03 1.05 1.08 1.06 1.06 0.93 0.87 0.86 0.82
O/P 40.5 36.2 38.3 37.1 41.0 40.5 29.4 23.5 16.1 10.8
The relative improvement in the cumulative turnover capacity of HSAPO-34 for MTO
with increasing H2 partial pressure is more significant and more pronounced (>10× versus
∼2.8× with 400 kPa H2 cofeed, and >25× versus ∼12.5× with 800 kPa H2 cofeed; Figs. 4.2a
and 4.1a) at complete methanol conversion conditions or equivalently, at lower methanol
space velocities (6 gCH3OH gcat-1 h-1 versus 40 gCH3OH gcat-1 h-1). This is likely an effect of
lower averaged methanol concentration along the catalyst bed at lower space velocities that
results in lower overall rates of transfer dehydrogenation of methanol which consequently
manifests in a lower concentration of formaldehyde—implicated to induce catalyst deac-
tivation [43, 61, 62, 116]. Moreover, analogous to the sub-complete conversion results,
C2 –C4 olefins remain dominant while C2 selectivity is observed to monotonically decrease
(36.9%C to 28.8%C) and the combined selectivity of C3 and C4 fractions is observed to
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monotonically increase (57.5%C to 64.5%C) with increasing influent H2 partial pressure
(0 – 800 kPa) (Fig. 4.2b).
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Fig. 4.2: (a) Methanol conversion profiles versus cumulative turnovers observed with vary-
ing He (empty symbols) or H2 (filled symbols) cofeeds, and (b) Cumulative selectivity versus
inlet partial pressures of H2 cofeeds during methanol conversion on 27mg HSAPO-34 at
673K, 13 kPa CH3OH, 0 kPa H2 (≡ 70 kPa He) – 800 kPa H2, 6 gCH3OH gcat-1 h-1. (a) The
vertical dashed line denotes the cumulative turnover capacity of HSAPO-34 for methanol
conversion with helium cofeed at 70 kPa, which is used to calculate the relative lifetime
improvement factors (listed at the end of the lines with filled symbols) with different H2
cofeeds; (b) The dark- and light-shaded regions represent olefinic and paraffinic fractions of
the respective carbon group listed in the dark bars.
4.4.2 Effects of H2 on MTO performance of zeolites other than HSAPO-34.
HSSZ-13, the silicoaluminate analog of HSAPO-34, also exhibits enhanced MTO lifetime
(∼4.5×) in the presence of high-pressure H2 cofeeds (400 kPa) while maintaining high overall
light olefins selectivity (>85 %C) at sub-complete conversion conditions (Fig. 4.6) evidenc-
ing that cofeeding H2 results in longer catalyst lifetimes for MTO conversion irrespective of
the identity of the chabazite material employed. HZSM-5, an silicoaluminate material with
MFI framework type, also exhibits a significant increase in lifetime (∼3×) for methanol con-
version in the presence of high-pressure H2 cofeeds (1600 kPa) while retaining high olefinic
content (78.1 %C) in the predominant product groups, C2 –C7 (Fig. 4.3). The detailed
physical and chemical characteristics of the HZSM-5 sample used in this study are reported
in Chapter 2. These demonstrations clearly validate applicability of the proposed strategy
of cofeeding high-pressure H2 to enhance catalyst lifetime during methanol conversion over
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zeolite materials diverse in composition and topology.
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Fig. 4.3: (a) Methanol conversion profiles versus cumulative turnovers observed with He
(empty symbol) or H2 (filled symbol) cofeeds, and (b) Cumulative selectivity versus inlet
partial pressures of H2 cofeeds with methanol on 5mg HZSM-5 at 723K, 13 kPa CH3OH,
0 kPa H2 (≡ 1600 kPa He) – 1600 kPa H2, 32.1 gCH3OH gcat-1 h-1. (a) The vertical dashed line
denotes the cumulative turnover capacity of HZSM-5 for methanol conversion with helium
cofeed at 1600 kPa, which is used to calculate the relative lifetime improvement factors
(listed at the end of the lines with filled symbols) with different H2 cofeeds; (b) The dark-
and light-shaded regions represent olefinic and paraffinic fractions of the respective carbon
group listed in the dark bars, and ‘MBs’ represents methyl-substituted benzenes.
4.4.3 Mechanistic basis for H2 cofeed effects in MTO.
We surmise that the observed improvements in the total turnover capacity of zeolites/zeo-
types for MTO conversion by co-processing H2 likely result from the participation of H2
in hydrogen transfer reactions with increasing efficacy as the partial pressure of H2 in
the feed increases. Zeolites/zeotypes are lesser known hydrogenation catalysts relative to
metal-based formulations, however, both the ability of H2 to facilitate hydrogen transfer at
high-pressures [117–119], and the reversibility of monomolecular alkane dehydrogenation at
atmospheric pressure on proton-form zeolites [120] have been documented in the literature.
We evidenced the ability of H2 to participate in hydrogen transfer events in independent
studies involving reactions of propene-H2 mixtures over HSAPO-34 at MTO-relevant con-
ditions. Co-processing H2 (400 – 1600 kPa) with propene (2.2 kPa) results in a monotonic
increase in both the cumulative turnover capacity of HSAPO-34 for propene conversion
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and the cumulative propane selectivity (Fig. 4.7), consistent with the observed increase in
catalyst lifetime and decrease in O/P during MTO catalysis. Further, catalyst lifetime in
MTO has been shown to correlate with average methanol partial pressure in recent reports
demonstrating higher catalyst lifetime when using (i) DME versus methanol as feedstock
over different zeolite or zeotype catalysts [62, 63, 80], (ii) continuous stirred tank reactors
versus packed bed reactor configurations for methanol conversion over HZSM-5 [60], and
(iii) low inlet methanol partial pressures or high contact times for methanol conversion
over HSAPO-34 [43]. Methanol partial pressure plays a critical role in controlling the ex-
tent of transfer dehydrogenation events involving methanol that result in the production
of formaldehyde in reference to methylation events involved in carbon chain-growth during
MTO [43, 99]. Formaldehyde is purportedly involved in Prins condensation reactions with
olefins and aromatics resulting in the transformation of active organic co-catalytic species
to inactive polycyclic aromatic species [43, 61–63]. We demonstrate that co-processing H2
(400 kPa) with a mixed feed of CH3OH (13 kPa) and HCHO (13Pa) on HSAPO-34 also
results in improved catalyst lifetime relative to the case of co-processing He at equivalent
pressures (Fig. 4.4). This observation suggests that a likely role of H2 in MTO, among pos-
sible others, is to intercept formaldehyde-mediated alkylation reactions that catalyze the
formation of polycyclic aromatic compounds responsible for loss of catalytic activity. An
independent study involving chromatographic analysis of the occluded organic species ex-
tracted from spent HSAPO-34 samples at sub-complete methanol conversion suggests that
cofeeding high-pressure H2 does not significantly alter the composition of carbon-containing
species retained in the catalyst at complete deactivation (Fig. 4.8). The composition of the
extracts in all studies, irrespective of PH2 , is typical of MTO conversion without any H2
cofeeds over HSAPO-34 reported in the literature wherein pyrenes are observed to be the
dominant species in the spent catalysts [114, 115].
Relative to existing strategies for improving MTO lifetime including the introduction
of water cofeeds [44, 121], changing process parameters such as feed methanol pressure and
contact-time [43, 116], and material parameters such as crystallite size [122, 123], acid site
density [114, 124], introduction of mesoporous domains [52], incorporation of rare earth
metal oxides or pure metals and/or their cations [125–127], co-processing H2 is effective in
enhancing the cumulative turnover capacity while sustaining high light olefins selectivity,
typical of CHA-type zeolite/zeotype formulations. Our observations in this report also
explain the observed stable time-on-stream behavior of physical mixtures of metal oxide
catalysts and HSAPO-34 for high-pressure reactions of CO/H2 or CO2/H2 mixtures for
light olefins/paraffins production [128–132].
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Fig. 4.4: Methanol conversion profiles versus cumulative turnovers during MTO with
cofeeds of He, H2, HCHO, or mixtures thereof on 4mg HSAPO-34 at 673K, 13 kPa CH3OH,
13Pa HCHO (+110Pa H2O), 400 kPa He, 400 kPa H2, 40 gCH3OH gcat-1 h-1. The vertical
dashed line denotes the cumulative turnover capacity of HSAPO-34 for methanol conversion
with He cofeed at 400 kPa, which is used to calculate the relative lifetime improvement fac-
tors (listed at the end of the lines with filled symbols) when co-processing H2 or H2/HCHO
mixtures.
4.5 Conclusions
We demonstrate that co-processing H2 at high-pressures with CH3OH over CHA-type ze-
olite/zeotype catalyst formulations results in marked improvements in catalyst lifetime
(>70×) while preserving the high light olefins selectivity characteristic of these materi-
als during MTO conversion. In independent studies, cofeeding high-pressure H2 is shown to
result in i) enhanced formation of propane from propene feeds over HSAPO-34, and ii) en-
hanced MTO lifetime of HSAPO-34 in the case of co-reacting CH3OH and HCHO, thereby
suggesting that H2 participates in hydrogen transfer reactions and in effect, intercepts alky-
lation chemistries mediated by HCHO which otherwise result in the transformation of active
co-catalytic hydrocarbon pool species to polycyclic aromatic compounds that engender cat-
alyst deactivation during MTO catalysis.
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4.6 Supplementary Information
4.6.1 Effects of H2 cofeeds on the relative increase in the cumulative turnover ca-
pacity at sub-complete conversion during MTO on HSAPO-34
Table 4.2 tabulates the relative increase in the cumulative turnover capacity of HSAPO-
34 enumerated when final methanol conversion drops below ∼50 %C and ∼15 %C at sub-
complete methanol conversion conditions.
Table 4.2: Relative increase in the cumulative turnover capacity of HSAPO-34 for MTO
calculated at different final conversion levels.
Final
conversion
level /%C
Inlet cofeed PH2 / kPa
0 400 800 1600 3000
∼50 1 2.2 8.5 22.8 >70×
∼15 1 2.8 12.5 42.3 >70×
4.6.2 Effects of He versus H2 cofeeds on the maximum conversion levels attained at
sub-complete conversion during MTO over HSAPO-34
Fig. 4.5 compares methanol conversion profiles at early turnovers (near the maximum con-
version region) observed with He cofeed at 70 kPa versus He or H2 cofeeds at high partial
pressures (400 – 3000 kPa) with 13 kPa methanol feed. It is evident that any effects on the
maximum conversion levels owing to potential catalyst bypass at the high diluent feed rates
(1 – 8 cm3 s-1) relative to methanol (0.033 cm3 s-1)—required to achieve the desired partial
pressures of methanol and diluent—trend in the same direction irrespective of the diluent
identity, He or H2.
4.6.3 Effects of H2 cofeeds on MTO performance of HSSZ-13
The cumulative turnover capacity of HSSZ-13—silicoaluminate analog of HSAPO-34—is
augmented by a factor of ∼4.5 when co-processing H2 at 400 kPa versus He at 86 kPa with
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Fig. 4.5: Methanol conversion profiles at early turnovers observed with varying He
(empty symbols) or H2 (filled symbols) cofeeds at sub-complete methanol conversion
on 4mg HSAPO-34 at 673K, 13 kPa CH3OH, 70 – 3000 kPa He, 400 – 3000 kPa H2,
40 gCH3OH gcat-1 h-1.
13 kPa CH3OH feed at 673 K (Fig. 4.6a). C2 –C4 olefins remain dominant, and similar to
the trends observed during methanol conversion over HSAPO-34, C2 selectivity is noted to
decrease at the expense of C3 –C4 in the presence of H2 versus He cofeed (Fig. 4.6b).
4.6.4 Effects of H2 cofeeds on propene conversion on HSAPO-34
Independent experiments involving co-processing H2 with C3H6 over HSAPO-34 were per-
formed under MTO-relevant conditions to further understand the role of H2 in MTO con-
version. Increasing the inlet partial pressure of H2 (400 – 1600 kPa) with propene (2.2 kPa)
feed over HSAPO-34 resulted in a monotonic increase in i) the the cumulative number of
turnovers, and ii) the cumulative selectivity of propane at 210 minutes on stream (Fig. 4.7),
evidencing the role of H2 as a hydrogen transfer reagent over HSAPO-34.
4.6.5 Effects of H2 cofeeds on the composition of carbonaceous deposits on spent
HSAPO-34
Dissolution experiments were performed following a procedure analogous to the one detailed
by Arstad and Kolboe [30] to ascertain the nature of carbon-containing species retained in
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Fig. 4.6: (a) Methanol conversion profiles versus cumulative turnovers observed with He
(empty symbol) or H2 (filled symbol) cofeeds, and (b) Cumulative selectivity versus inlet
partial pressures of H2 cofeeds during methanol conversion on 10.5mg HSSZ-13 (Si/Al = 10)
at 673K, 13 kPa CH3OH, 0 kPa H2 (≡ 86 kPa He) or 400 kPa H2, 34.1 gCH3OH gcat-1 h-1. (a)
The vertical dashed line denotes the cumulative turnover capacity of HSSZ-13 for methanol
conversion with helium cofeed at 70 kPa, which is used to calculate the relative lifetime
improvement factors (listed at the end of the lines with filled symbols) with H2 cofeed;
(b) The dark- and light-shaded regions represent olefinic and paraffinic fractions of the
respective carbon group listed in the dark bars.
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Fig. 4.7: Cumulative selectivity (left ordinate) and Cumulative turnovers (right ordi-
nate, ) attained at 210 minutes on stream with varying H2 cofeeds with propene on
27mg HSAPO-34 at 673K, 2.2 kPa C3H6, 0 kPa H2 (≡42 kPa He); 400 – 1600 kPa H2,
1.1 gC3H6 gcat-1 h-1. The dark- and light-shaded regions represent olefinic and paraffinic
fractions of the respective carbon group listed in the dark bars.
41
4.6. Supplementary Information
the spent HSAPO-34 samples obtained after methanol conversion with varying H2 cofeeds at
sub-complete conversion. In a typical experiment, the catalyst sample was removed from the
reactor tube soon after (∼2minutes) the feed was turned off, and transferred to a screw-cap
Teflon vial followed by dissolution in 1mL of 1M HCl solution (Laboratory Reagent, VWR)
overnight. After the acid dissolution, 1mL of 1M NaOH solution (prepared by dissolving
∼0.85 g of NaOH pellets (Certified ACS, Fischer Scientific) in ∼20 g of deionized water)
was added to neutralize the acid. 1mL of CH2Cl2 (HPLC Plus, Sigma-Aldrich) solution
(with 0.15wt% C2Cl6 (99%, Sigma-Aldrich) added as an internal standard) was added to
the resulting solution to extract the liberated organic molecules from the water phase. The
organic and water phases were allowed to separate overnight and the CH2Cl2 phase was
subject to chromatographic analysis. The concentrations (in ppmwt.) of different organic
species observed with varying H2 cofeeds are presented in Fig. 4.8.
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Fig. 4.8: Concentrations (in ppm wt.) of various carbonaceous species observed during
chromatographic analysis of the organic extracts obtained on dissolution of spent HSAPO-
34 samples after MTO with varying H2 cofeeds at sub-complete methanol conversion.
4.6.6 X-ray Diffraction
The powder X-ray diffraction pattern of the as-synthesized uncalcined SAPO-34 sample
was recorded on a Bruker D8 DISCOVER diffractometer using Cu-Kα (λ = 1.54Å) as the
radiation source. The observed pattern confirmed the framework type as CHA (reference
material ICDD #98-002-0692) [133, 134] and indicated that no major impurity phases were
present in the material (Fig. 4.9).
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Fig. 4.9: Powder X-ray diffraction pattern of the as-synthesized uncalcined SAPO-34
sample (top) and the reference CHA material [ICDD #98-002-0692] (bottom).
4.6.7 Elemental Analysis
The overall (Al+P)/Si = 9.7 atomic ratio of the as-synthesized uncalcined SAPO-34 sample
was determined from quantitative elemental analysis obtained using X-ray Fluorescence
(XRF) (Table 4.3). Measurements obtained from Inductively Coupled Plasma –Atomic
Emission Spectroscopy (ICP-AES) and Neutron Activation Analysis (NAA) indicated the
absence of any major metallic impurities in the sample.
Table 4.3: Bulk elemental composition of the as-synthesized uncalcined SAPO-34 sample
determined from XRF, ICP-AES, and NAA measurements.
Elemental composition
XRF (wt%) ICP-AES (ppm) NAA (ppm)
Al 21.89± 0.13 Ca 16.53 Mo 2.1± 0.4
Si 4.32± 0.15 Cr 20.27 Ni 120± 50
P 21.52± 0.11 Fe 30.41 Fe <300
Zn 54.14 Zn 10± 2
Ti 0.01
Cu 45.51
4.6.8 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectrum (XPS) of the as-synthesized uncalcined sample was recorded
on a PHI Versa Probe III instrument using a monochromated Al Kα X-ray source (1486.6 eV)
(Fig. 4.10). The (Al+P)/Si = 8.1 atomic ratio in the near-surface region was calculated
from the atomic percentages (Table 4.4) obtained from the survey spectra using the Mul-
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tipak Software provided with the XPS instrument. For high resolution data, the lowest
binding-energy C1s peak (presumably, C–C/C–H peak) was set at 285.0 eV and was used
as a reference.
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Fig. 4.10: XPS of the as-synthesized uncalcined
SAPO-34 sample obtained using a monochromated
Al Kα X-ray source.
Table 4.4: Al, Si, and P con-
centrations in the near-surface
region of the as-synthesized un-
calcined SAPO-34 sample.
Atomic %
Al 9.0
Si 2.2
P 8.9
4.6.9 Scanning Electron Microscopy
The scanning electron microscopy (SEM) images (Fig. 4.11) of the as-synthesized uncalcined
sample were used to characterize the cubic crystal morphology and ascertain the average
crystallite size (∼1 µm).
(a)
0.5 µm
(b)
1µm
(c)
3µm
Fig. 4.11: SEM images of the as-synthesized uncalcined SAPO-34 sample at different
magnification levels.
4.6.10 N2 Physisorption
N2 physisorption measurements were obtained on a Micromeritics ASAP 2020 system. The
as-synthesized uncalcined SAPO-34 sample was treated in dry air flow at 823 K (0.0167 K s-1)
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for 6 h in order to obtain the de-templated form prior to being subject to degassing (initial
evacuation to <10 µmHg at 363 K followed by heat treatment at 723 K [0.0167 K s-1] for 4 h),
and N2 adsorption-desorption at 77K. The BET surface area and t-plot micropore volume
values obtained from the resulting isotherms (Fig. 4.12) are presented in Table 4.5, and are
typical of silicoaluminophosphates [5, 135].
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Fig. 4.12: N2 physisorption isotherms of
calcined SAPO-34 sample.
Table 4.5: Textural properties of cal-
cined SAPO-34 sample obtained from the
N2 adsorption and desorption isotherms
presented in Fig. 4.12.
Surface area (m2 g-1) 554
Micropore volume (cm3 g-1) 0.28
4.6.11 Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy
The 27Al, 29Si, and 31P Magic-Angle Spinning Nuclear Magnetic Resonance (MAS NMR)
spectra of the as-synthesized uncalcined SAPO-34 sample were recorded on a AVIIIHD
Bruker 600 MHz wide-bore NMR spectrometer equipped with a 3.2 mm HXY MAS probe.
The experimental conditions for all the measurements are summarized in Table 4.6. The
Table 4.6: Experimental conditions for MAS NMR measurements of the as-synthesized
uncalcined SAPO-34 sample. The flip angle for all measurements was pi/4.
Nucleus
Resonance
frequency
(MHz)
Pulse
duration
(µs)
Repetition
time
(s)
MAS
frequency
(kHz)
Scans Reference(external)
27Al 156.4 3 0.25 15 256 Na3AlF6
29Si 119.3 6.25 120 10 2048 (CH3)4Si
31P 243.0 4 10 15 128 H3PO4, 85wt%
chemical shifts observed at 40.1 ppm (Fig. 4.13a) and -28.5 ppm (Fig. 4.13c) in the 27Al
and 31P NMR spectra, respectively, are typical of tetrahedral coordination in framework
locations of aluminophosphate materials [136–139]. The presence of only a single major
resonance line in both spectra indicates that a majority of Al and P atoms are located at
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sites of identical chemical environment. The signal at 13.7 ppm in the 27Al NMR is ascribed
to Al atoms present in the framework interacting additionally with either the template or
water present in the as-synthesized uncalcined sample because as reported by Vomscheid
et al. [139], a similar peak in the 27Al NMR spectra of their as-synthesized uncalcined
SAPO-34 sample was observed to disappear after subjecting the sample to a calcination
treatment at 823 K prior to collecting the NMR data. The small and symmetrical resonance
lines observed at 33.1 and -90.5 ppm in the 31P NMR (4.13c) are characterized as spinning
sidebands.
(a)
−20020406080100
δ (27Al) / ppm
(b)
−110−100−90−80
δ (29Si) / ppm
(c)
∗ ∗
−100−75−50−2502550
δ (31P) / ppm
Fig. 4.13: (a), (b), and (c) showing 27Al, 29Si, and 31P MAS NMR spectra, respectively
of the as-synthesized uncalcined SAPO-34 sample. Asterisks (∗) in (c) denote spinning
sidebands.
The resonance line at −92.7 ppm observed in the 29Si NMR spectra (Fig. 4.13a) is
attributed to silicon atoms bonded via oxygens to four aluminum atoms [136–139]; the
absence of any other major spectral features indicates that a majority of Si atoms are
incorporated as isolated sites.
4.6.12 NH3 Temperature Programmed Desorption
The enumeration of the acid site density of the HSAPO-34 sample was done by perform-
ing NH3 Temperature Programmed Desorption (TPD) experiment following a procedure
analogous to the one detailed by Bates et al. [140] for HSSZ-13. ∼40 mg of HSAPO-34
sample was treated in flowing 500 ppm NH3 (achieved by flowing a mixture of 0.083 cm3 s-1
1.01% NH3 in balance He (Certified Standard, Praxair) and 1.58 cm3 s-1 He (99.997%, Min-
neapolis Oxygen)) at 323 K for 2 h (sufficient for the NH3 signal, monitored via mass spec-
troscopy (MKS Cirrus), in the eﬄuent stream to reach the same levels as observed in the
bypass). The saturation treatment was followed by a He (1.67 cm3 s-1) purge for 10 h to re-
move any physisorbed NH3. TPD was performed under combined He (1.62 cm3 s-1) and Ar
(0.042 cm3 s-1; 99.9995%, Matheson, used as an internal standard) flow by setting the ramp
rate at 0.083 K s-1 to reach a final temperature of 823 K, during which the eﬄuent stream
was monitored via mass spectrometry for signals corresponding to m/z = 16 (for NH3)
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and 40 (for Ar). The TPD profile obtained is shown in Fig. 4.14 plotted as the “desorption
rate" versus temperature; the red (characterized by a low-temperature peak centered around
∼423 K) and blue (characterized by a high-temperature peak centered around ∼623 K) lines
in the corresponding figure are peak deconvolution curve fits to the overall desorption curve
fitted using Haarhoff-VanderLinde functions [141]. The area calculated under the blue curve
was used to enumerate the Brønsted acid site density (Table 4.7) of the sample because as
reported elsewhere [140, 142], the low-temperature feature is observed to disappear either
by (i) washing the NH3-saturated sample with deionized water at 323 K, or (ii) starting
with the NH4+ form of the zeolite, prepared by treatment with NH4NO3, before exposure
to NH3. The disappearance of the low-temperature feature in case (i) and its complete
absence in case (ii) is attributed to Lewis acid sites (supposedly giving rise to the low-
temperature feature) being saturated with H2O instead of NH3 thereby indicating weak
interactions with the latter [140, 142, 143].
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Fig. 4.14: NH3 TPD curve
of the HSAPO-34 sample ob-
served during temperature ramp
at 0.083 K s-1 following saturation
with NH3 at 323 K. The de-
convoluted fitted curves character-
ized by a low-temperature peak
(centered around ∼423 K) and a
high-temperature peak (centered
around ∼623 K) are shown as
red- and blue-colored lines, respec-
tively.
Table 4.7: Acid site density of the HSAPO-
34 sample obtained from the area calculated
under the NH3 TPD curve presented in Fig.
4.14.
Acid site density (mmol/g) (per Si)
Total 1.43 0.93
Brønsted (blue curve) 1.11 0.72
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Chapter 5
A mechanistic basis for effects of high pressure H2 cofeeds on methanol to
hydrocarbons catalysis over zeolites
*Reported from S. S. Arora, Z. Shi, A. Bhan, ACS Catal. 9 (2019) 6407-6414
(doi.org/10.1021/acscatal.9b00969)
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5.1 Abstract
Co-feeding high-pressure (16 bar) H2 with methanol (0.005 bar) during methanol to hy-
drocarbons conversion over acidic zeolites with varying topologies (CHA, AEI, FER, and
BEA) results in a ∼2× to >15× enhancement in catalyst lifetime compared to He cofeeds,
as determined by the cumulative turnovers attained per proton before the final methanol
conversion level drops below 15%C. These beneficial effects of prolonged catalyst lifetime
are observed without any impact on the carbon backbone of eﬄuent hydrocarbon products
characteristic of the particular zeolite topology. The olefins-to-paraffins ratio of C2+ hy-
drocarbons, however, decreases due to enhanced paraffins production and the magnitude of
this decrement depends on the specific zeolite topology. The observations of marked life-
time improvements and topology-dictated variations in the paraffin make of MTH eﬄuent
with H2 cofeeds can be interpreted based on the different proclivities of zeolitic protons
confined in varying topological environments for catalyzing hydrogenation of aliphatic hy-
drocarbons that are predominantly formed via formaldehyde-based alkylation routes (e.g.,
1,3-butadiene) or methanol-based alkylation routes (e.g., ethene and propene). Indepen-
dent kinetic studies reveal that measured hydrogenation rates (per H+) of 1,3-butadiene
are at least an order of magnitude (∼7× to ∼320×) higher than that of ethene or propene,
which provides an explanation for the observed lifetime improvements in MTH with H2
cofeeds. Further, trends in the reactivities of ethene and propene with H2 over the differ-
ent zeolites help explicate the topology-dependent variations in the paraffin content of the
eﬄuent hydrocarbons during MTH with H2 cofeeds.
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5.2 Introduction
The identity and distribution of hydrocarbon products in methanol-to-hydrocarbon (MTH)
conversion primarily depend on the topological features of the zeolite used as the solid acid
catalyst. The conversion of methanol over proton-form small-pore HSSZ-13 and HSSZ-39
zeolites characterized by large ellipsoidal cages interconnected via narrow 8-membered ring
windows (3.8Å× 3.8Å) [98] results in the selective production of light hydrocarbons (C2 –
C4) [16, 17, 144], while proton-form medium-pore HFER and large-pore HBEA zeolites
primarily yield gasoline-range hydrocarbons—C4+ and aromatics [15, 26, 40]. The mech-
anistic origins of these hydrocarbon products are rationalized based on the hydrocarbon
pool mechanism which can be described by a dual-cycle schematic that considers olefins and
aromatics—interconvertible via chemistries of dehydrocyclization and dealkylation—as co-
catalytic centers involved in distinct propagation events based on methylation and β-scission
of olefins (referred as the ‘olefins cycle’), and methylation and dealkylation of aromatics (re-
ferred as the ‘aromatics cycle’) [26, 31, 32, 37–39]. The aforementioned differences in the
identity and distribution of hydrocarbon products depending on the zeolite topology are a
consequence of the relative propagation of the olefins and aromatics cycles. The small-pore
zeolites—HSSZ-13 and HSSZ-39—preferentially propagate the aromatics cycle in the large
cages while only allowing the effusion of light hydrocarbons (C2 –C4); on the other hand,
medium- and large-pore zeolites—HFER and HBEA—allow the simultaneous propagation
of the olefins and aromatics cycles, and the effusion of both larger C4+ hydrocarbons and
aromatics. The propagation events in MTH however, terminate with reaction progress due
to the transformation of active olefin and aromatic species to inactive polycyclics, thereby
causing catalyst deactivation [15, 26, 27, 90]. The formation of formaldehyde in transfer
dehydrogenation events involving methanol, and its involvement in electrophilic addition
reactions with olefins resulting in polyenes that can undergo dehydrocyclization to form
aromatics and in electrophilic substitution reactions with aromatics to form intermediates
that can further transform to polycyclic compounds has been documented in the recent
literature [43, 60–63, 99, 106, 145].
In Chapter 4, we observed that co-feeding high-pressure H2 results in the interception
of formaldehyde-mediated alkylation pathways thereby resulting in longer catalyst lifetimes
during MTH over HSAPO-34. Here, we demonstrate the utility of this strategy of co-feeding
high-pressure H2 for improving the MTH lifetime of various zeolites with distinct topologies
(CHA, AEI, FER, and BEA). Besides the effect on lifetime, co-feeding H2 also results in
enhanced formation of paraffins, which manifests in lower olefins-to-paraffins ratios of the
eﬄuent hydrocarbons compared to the case of He cofeeds, albeit to varying extents depend-
ing on the specific zeolite topology. We provide a mechanistic basis for these observations in
context of the reactivity of H2 with 1,3-butadiene (formed via reaction between formalde-
hyde and propene [106, 145–147]) that intercepts its transformation to inactive polycyclics
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compared to the reactivity of H2 with ethene and propene (formed from methanol-based
alkylation routes) that results in the formation of undesired paraffins in MTH over zeolites.
This reactivity is quantified by hydrogenation rate constants measured during reactions of
ethene, propene, and 1,3-butadiene with H2 over the different zeolites in independent kinetic
studies reported herein.
5.3 Materials and Methods
5.3.1 Catalyst characterization
The small-pore zeolites, SSZ-13 and SSZ-39, were obtained from ACS Material while the
medium- and large-pore zeolites, FER and BEA, were sourced from Zeolyst (CP914C and
CP814E, respectively) in their ammonium-form and converted to the proton-form by ther-
mal treatment in flowing dry air (1.67 cm3 s-1; Zero Grade, Matheson) at 823 K (0.0167 K s-1
ramp rate from RT) for 4 h followed by pelletization, crushing, and sieving to retain 180-
250 µm (60-80 mesh) aggregates. The bulk Si/Al ratios of these samples were ascertained
from Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS)
measurements and are tabulated in Table 5.1. The Brønsted acid site densities of these
samples are also listed in Table 5.1 and were obtained from NH3 temperature programmed
desorption (TPD) measurements performed by saturating ∼50 mg of the proton-form sam-
ples with flowing 500 ppm NH3 (1.01% in balance helium, Certified Standard, Praxair)
balanced by He (99.9999%, Matheson) and Ar (99.9999%, Matheson) at 423 K followed by
a purge in flowing He (1.67 cm3 s-1) for 4 h at 423 K to desorb any physisorbed NH3, and
ramping the temperature at 0.167 K s-1 ramp rate to 823 K in flowing He and Ar during
which the eﬄuent stream was monitored via mass spectrometry (MKS Cirrus) for signals
corresponding to m/z = 16 (for NH3) and 40 (for Ar, used as the internal standard) (Fig.
5.4a). Further, the Brønsted acid site count was also ascertained for the HFER and HBEA
samples by pyridine infrared (IR) spectroscopy measurements (Table 5.4 and Fig. 5.4b)
performed on self-supporting wafers following a procedure similar to the one reported by
Harris et al. [148]. The integrated molar extinction coefficient (IMEC) for the IR band
at 1542 cm-1 assigned to pyridine adsorbed on Brønsted acid sites was taken as 1.13 [149].
These measurements were not performed on the small-pore zeolite (HSSZ-13 and HSSZ-39)
samples since pyridine is too bulky to enter the pores of these zeolites. The Brønsted acid
site densities thus obtained are tabulated in Table 5.4 along with the corresponding values
enumerated from NH3-TPD, and are within a factor of ∼0.8 – 1 of the NH3-TPD count.
To be consistent, all rate constants reported herein are obtained after normalization of the
observed rates by the site count measured from NH3-TPD. X-ray diffraction patterns were
collected using a Bruker micro-diffractometer with Cu-Kα (λ = 1.54Å) as the radiation
source to confirm the framework type of the respective samples and are shown in Fig. 5.5.
The t-plot micropore volume, Brunauer-Emmett-Teller (BET) and Langmuir surface areas
50
5.3. Materials and Methods
of the samples are also listed in Table 5.1 and were obtained from N2 adsorption measure-
ments collected at 77 K using ASAP 2020 (Micromeritics). The samples were degassed by
evacuating the sample tube to ≤10 µmHg at 363 K (0.083 K s-1 ramp rate from RT) followed
by thermal treatment in vacuo at 723 K (0.083 K s-1 ramp rate from 363K) for 4 h prior to
N2 adsorption.
Table 5.1: Physical and chemical characteristics of zeolites used in the study.
Zeolite Frameworktype Source Si/Al H
+ density Surface area MicroporevolumeBET Langmuir
(mmol g-1) (m2 g-1) (cm3 g-1)
HSSZ-13 CHA ACS Material 13.2 0.44 560 825 0.28
HSSZ-39 AEI ACS Material 9.0 0.83 506 761 0.27
HFER FER Zeolyst 10.0 0.64 283 419 0.13
HBEA BEA Zeolyst 12.4 0.33 530 798 0.16
5.3.2 Catalytic testing
All experiments were performed in a tubular glass-lined stainless steel reactor (6.35 mm O.D.
and 4 mm I.D., Scientific Glass Engineering). The proton-form zeolite aggregates were phys-
ically mixed with aggregates of sand (Acros Organics, subjected prior to an overnight wash
in 2M HNO3 solution followed by deionized water rinse until pH ∼7, and a final thermal
treatment in flowing dry air (1.67 cm3 s-1) at 1273 K (0.083 K s-1 ramp rate from RT) for 16 h;
10 < wtdiluent/wtcat < 15) and packed in the middle of the reactor tube between quartz wool
(Technical Glass Products) plugs. The tubular reactor was then placed inside a resistively
heated furnace (Model 3210, Applied Test Systems); the reaction temperature was mea-
sured using a K-type thermocouple (TJ36-CAXL-020U-12, Omega) wrapped around the
reactor periphery with the tip placed at the center of the catalyst bed and regulated with
an electronic controller (Series 96, Watlow). The free volume above and below the catalyst
bed was filled by quartz rods (3mm O.D.; Technical Glass Products) to prevent any vertical
displacement of the catalyst bed. Prior to catalytic measurements, the catalyst bed was
pretreated in flowing dry air (1.67 cm3 s-1) at 823K (0.0167 K s-1 ramp rate from RT) for 4 h
prior to cooling down to the desired reaction temperature in helium flow (1.67 cm3 s-1). The
gas-phase pressure of the influent and eﬄuent streams was measured using pressure trans-
ducers (0 – 6890 kPag; PX32B1-1KGV, Omega) placed upstream and downstream of the
reactor tube. The composition of the reactant and product streams were quantified using
a gas chromatograph (Model 7890A, Agilent) equipped with a dimethylpolysiloxane HP-1
column (50 m × 320 µm × 0.52 µm) connected to a flame ionization detector and a mass
spectrometer (Model 5975C, Agilent) for detection of hydrocarbons and oxygenates, and a
GS-GasPro column (60 m × 320 µm) or Porapak Q (4.6 m × 3.2 mm × 2 mm) connected to
a thermal conductivity detector for detecting permanent gases (H2, Ar, and N2).
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Methanol conversion with H2 or He cofeeds
Methanol (CHROMASOLV®; Honeywell) was fed using a 100mL stainless-steel syringe
(Harvard Apparatus) and PHD ULTRA® XF syringe pump (Harvard Apparatus) to heated
lines and carried by the gas stream. The diluent [H2 (99.9999%, Matheson)] and internal
standard [N2 (99.999%, Matheson)] flows were metered using mass flow controllers (Model
5850E, Brooks). H2 was substituted with He (99.9999%, Matheson) as the diluent in the
control experiments. Product selectivities and methanol conversion (calculated based on
the total amount of methanol/dimethyl ether (DME)-derived carbon atoms observed in the
eﬄuent hydrocarbons) profiles were measured during reactions of methanol (0.005 bar) with
high-pressure (16 bar) H2 or He cofeeds over packed beds comprised of HSSZ-13, HSSZ-39,
HFER, and HBEA at 623K and space velocities that resulted in sub-complete methanol
conversion.
Ethene, propene, and 1,3-butadiene hydrogenation with H2
Ethene (0.1% in balance He, Primary Standard, Matheson), propene (0.1% in balance Ar,
Certified Standard, Gasco), 1,3-butadiene (0.05% in balance He, Certified Standard, Prax-
air), H2 (99.9999%, Matheson), and Ar (99.9995%, Matheson; used as the internal standard)
flows were metered using mass flow controllers (Model 5850E, Brooks). The steady state
hydrogenation rates were measured by adjusting the reactant flow rates to obtain the de-
sired partial pressures of the respective reagents (0.0001 – 0.001 bar for the hydrocarbons,
and 1 – 16 bar for H2) and space velocities that resulted in differential conditions (< 5% con-
version). The apparent enthalpic and entropic barriers were estimated from hydrogenation
rate constants measured between 623K and 748K.
5.4 Results and Discussion
5.4.1 Effects of H2 cofeeds on MTH catalysis
As shown in Fig. 5.1a, MTH lifetime, as assessed by cumulative turnovers—defined as the
total amount of methanol/DME-derived carbon atoms observed in the eﬄuent hydrocarbons
normalized by the total acid sites in the catalyst bed [36]—attained until the final methanol
conversion drops below 15%C, of HSSZ-13, HSSZ-39, HFER, and HBEA is considerably
enhanced (∼2× to >15×) with high-pressure (16 bar) H2 cofeeds relative to the case of He
cofeeds at equivalent concentrations under sub-complete methanol conversion conditions.
These observations are in line with the results reported in Chapter 4 and in a recent re-
port by Zhao et al. [150] during methanol conversion over HSAPO-34, and demonstrate the
general utility of the proposed strategy of co-feeding high-pressure H2 to markedly mitigate
catalyst deactivation and prolong catalyst lifetimes during MTH over zeolites. Furthermore,
as depicted in Fig. 5.1b, these improvements in catalyst lifetime are observed without any
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impact on the carbon backbone of the eﬄuent hydrocarbons characteristic of the partic-
ular zeolite topology. The maximum methanol conversion levels decrease with H2 cofeeds
relative to the case of He cofeeds over all zeolites. This is likely related to the increase in
the production of paraffins with H2 cofeeds since paraffins can be considered as terminal
products under MTH conditions [96].
The increase in paraffins production with H2 cofeeds causes a decrement in the overall
olefins-to-paraffins ratio—defined as the ratio of cumulative turnovers attained towards
C2+ olefins and cumulative turnovers attained towards C2+ paraffins in the eﬄuent over
the catalyst lifetime—relative to the case of co-feeding He (Fig. 5.1b). This decrement
primarily arises from the enhanced production of C2 –C4 paraffins over all zeolites, except
in the case of HSSZ-39 where it is specifically a result of the higher formation of propane.
Further, the magnitude of the decrement depends on the specific zeolite topology (∼2.8×
over HSSZ-13, ∼4.6× over HSSZ-39, ∼9.8× over HFER, and ∼1.6× over HBEA).
We postulate that the observed effects of lifetime improvement and topology-dependent
differences in the paraffin make of the MTH eﬄuent with H2 cofeeds can be mechanistically
related to the relative reactivity of ethene, propene, and 1,3-butadiene with H2 among the
different zeolites. We evidence this by obtaining the rate constants for hydrogenation of the
aforementioned species in independent kinetic studies, as detailed in the next section.
5.4.2 Kinetic studies of ethene, propene, and 1,3-butadiene hydrogenation with H2
Reactions of ethene, propene, and 1,3-butadiene (0.0001 – 0.001 bar) with high-pressure H2
(1 – 16 bar) while maintaining high H2-to-hydrocarbon ratios (>3000 in the case of ethene
and propene and >12000 in the case of 1,3-butadiene) at temperatures relevant for MTH
catalysis (623 – 748K) and differential conversions (<5%C) resulted in high selectivity of
the first hydrogenated analogs—ethane (>99%C), propane (>80%C; balance CH4 and
C2H4 likely resulting from cracking of C3H8 or C3H6 oligomers), and a mix of butene
isomers (>80%C; balance C2H4 and C3H6 likely resulting from cracking of C4H8 or C4H8
oligomers)—of the respective hydrocarbon reactant. The measured hydrogenation rates
(per H+) were stable with time on stream and depended weakly on the space velocity of the
hydrocarbon reactant (Fig. 5.6) indicating that the rate measurements were not affected by
deactivation and secondary reactions or inhibition by products. Further, using the Weisz-
Prater criterion [151], and measuring hydrogenation rates (per H+) on a HFER sample with
a different Si/Al ratio (= 27.5) than the one presented here (Si/Al = 10), it was verified that
the measured rates were not corrupted by internal diffusion limitations and reflect solely
the propensity of zeolitic protons confined in varying topological environments to catalyze
the hydrogenation reactions under study (Table 5.5 and Fig. 5.8).
Fig. 5.2 shows that the measured formation rates of ethane, propane, and butene
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Fig. 5.1: (a) Methanol conversion profiles versus cumulative turnovers; (b) Cumulative
selectivity (left ordinate) and the overall olefins-to-paraffins ratio (right ordinate, ) in
the eﬄuent stream observed during methanol feeds without (empty symbols) and with
(filled symbols) H2 cofeeds over HSSZ-13, HSSZ-39, HFER, and HBEA at 623K, 0.005 bar
CH3OH, 16 bar He or H2 co-feed, 350 (HSSZ-13); 114 (HSSZ-39); 61 (HFER); 89 (HBEA)
molC (molH+ · ks)-1. (a) The vertical dashed lines denote the cumulative turnover capacity
of the particular zeolite for methanol conversion with 16 bar He co-feed, which is used to
calculate the relative lifetime improvement factors (listed at the end of the lines with filled
symbols) with 16 bar H2 cofeeds. (b) The dark- and light-shaded bars represent the olefinic
and paraffinic forms, respectively, of the respective carbon group listed in the dark bars;
‘MBs’ represents methyl-substituted benzenes.
isomers (rRH2) normalized by the total Brønsted acid sites ([H+]) in the catalyst bed are
linearly dependent on the partial pressures of both the aliphatic hydrocarbon [R = ethene
(e), propene (p), 1,3-butadiene (b)] (pR) and H2 (pH2), and can be described by the rate
expression shown in Eq. 5.1.
rRH2
[H+]
= kRH2pRpH2 (5.1)
The effective second-order rate constants (kRH2), calculated as the slope of the linear fit to
the observed rate measurements, of hydrogenation of ethene, propene, and 1,3-butadiene
over the four zeolites considered in this study are tabulated in Table 5.2.
The observed rate expression for hydrogenation of aliphatic hydrocarbons over acidic
zeolites (Eq. 5.1) can be realized by the set of elementary steps shown in Scheme 5.1 under
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Fig. 5.2: Dependence of the formation rates (per H+) of ethane, propane, and butenes
on partial pressures of the hydrocarbon (bottom-left axes) and H2 (top-right axes) during
reactions of (a) ethene, (b) propene, and (c) 1,3-butadiene with H2 over HSSZ-13 , HSSZ-
39, HFER, and HBEA at 673K. The quantities listed along each line indicate the partial
pressure of either the hydrocarbon or H2 held constant while varying the partial pressure
of the other reagent during the kinetic measurements. The vertical bars on each data point
represent the standard-error associated with each measurement. The solid lines represent a
linear fit to the experimental data.
the following assumptions: i) the fourth step involving the reaction between the surface
intermediate derived from the hydrocarbon reactant (RH+) and intrazeolite H2 species
(H2 (z)) is rate-limiting, ii) all other steps involving the adsorption/desorption of the re-
actants and products into and out of the zeolite channels are quasi-equilibrated, and iii)
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Table 5.2: Effective second-order rate constants [mol (mol H+)-1 s-1 (bar R)-1 (bar H2)-1] of
hydrogenation of aliphatic hydrocarbons [R = ethene (C2H4), propene (C3H6), and 1,3-
butadiene (C4H6)] with H2 over acidic zeolites at 673K and their 95% confidence intervals.
Zeolite kC2H4H2 k
C3H6
H2 k
C4H6
H2
HSSZ-13 0.0019± 0.00017 0.0027± 0.00017 0.50± 0.09
HSSZ-39 0.0022± 0.00027 0.0084± 0.00030 0.70± 0.05
HFER 0.013± 0.00062 0.066± 0.0052 1.1± 0.11
HBEA 0.020± 0.0024 0.33± 0.058 2.3± 0.41
Brønsted acid sites (H+) are the dominant surface species. The observed kinetic behavior is
consistent with and the proposed set of elementary steps follow those reported by Gounder
and Iglesia [120] for hydrogenation of propene on acidic zeolites.
R(g) k1◦
k -1
R(z) K1
H2 (g)
k2◦
k -2
H2 (z) K2
R(z) + H+ k3◦
k -3
RH+ K3
RH+ + H2 (z)
k4 RH2 (z) + H+ k4
RH2 (z)
k5◦
k -5
RH2 (g) K5
R(g) + H2 (g)
kRH2 RH2 (g)
rRH2 = k4 [RH+] [H2(z)]
rRH2
[H+]
= k4K3K2K1︸ ︷︷ ︸
kRH2
pRpH2
Scheme 5.1: Elementary steps proposed for hydrogenation of aliphatic hydrocarbons [R
= ethene (e), propene (p), and 1,3-butadiene (b)] with H2 over Brønsted acid (H+) zeolites.
The step highlighted in bold is considered as rate-limiting. The notations g and z in the
parenthesis denote the gas phase and intrazeolite phase, respectively.
The temperature dependence of the measured hydrogenation rate constants at fixed
partial pressures of R and H2 is presented in Fig. 5.3 and can be described by the Arrhenius
equation,
ln(kRH2) = lnA−
Ea
RT
, (5.2)
where A and Ea reflect the pre-exponential factors and the apparent enthalpic barriers,
respectively, for the hydrogenation reactions. The pre-exponential factors in Eq. 5.2 can
56
5.4. Results and Discussion
be used to calculate the apparent entropic barriers (∆Sa) after accounting for the number
of C–H bonds (nb) in the first hydrogenated analogs of the hydrocarbon reactants (6, 8,
and 8 for ethene, propene, and 1,3-butadiene, respectively) using Eq. 5.3, which follows
the formalism reported by Gounder and Iglesia [120, 152]. Under the observed kinetic
regime characterized by a linear dependence on both hydrocarbon and H2 pressures, the
measured apparent enthalpic (or entropic) barriers reflect the enthalpy (or entropy) dif-
ference between the hydrogenation transition state (TS) in the intrazeolite phase, and the
gas-phase reactants (R and H2) and the bare H+ (Eqs. 5.4 and 5.6). Separately, considering
the expression of the hydrogenation rate constant (kRH2 = k4K3K2K1) deduced from the
elementary steps proposed in Scheme 5.1, the apparent enthalpic (or entropic) barriers can
also be interpreted as a combination of two components – (i) enthalpic gains (or entropic
losses) resulting from adsorption of gas-phase reactants (R and H2) into the confining voids
of a zeolite, represented by ∆Hads (or ∆Sads) which arises from a combination of K1, K2,
and K3; and (ii) enthalpic losses (or entropic gains) originating from reaction of the ad-
sorbed intermediates to form the relevant transition state that transforms to the gas-phase
product, represented by ∆Hint (or ∆Sint) which arises from k4 (Eqs. 5.5 and 5.7). Ac-
cordingly, positive or negative values of the apparent enthalpic (or entropic) barriers reflect
compensation between these enthalpic (or entropic) gains or losses during a certain reaction
over a particular zeolite [153–155]. Specifically, a positive value of the apparent enthalpic
barrier reflects a scenario when ∆Hint > ∆Hads, and a negative value can be realized when
∆Hint < ∆Hads. The experimentally measured values of these barriers for hydrogenation
reactions of ethene, propene, and 1,3-butadiene over all zeolite samples used in the study are
listed in Table 5.3. We note that the distinct topological features of the acidic zeolites can
affect the measured enthalpic (or entropic) barriers by influencing ∆Hads (or ∆Sads) and
∆Hint (or ∆Sint), therefore, any interpretation of the observed differences based on their
topology would require evaluation of both these components under reaction conditions.
∆Sa = R
[
ln
(
A
nb
)
− ln
(
kBT
h
)]
. (5.3)
Ea = ETS − ER(g) − EH2(g) − EH+ (5.4)
= ∆Hint −∆Hads (5.5)
∆Sa = ∆STS −∆SR(g) −∆SH2(g) −∆SH+ (5.6)
= ∆Sint −∆Sads (5.7)
As shown in Table 5.2, the measured hydrogenation rate constants of 1,3-butadiene are
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Fig. 5.3: Temperature dependence of the effective second-order hydrogenation rate con-
stants of (a) ethene, (b) propene, and (c) 1,3-butadiene hydrogenation with H2 over HSSZ-
13, HSSZ-39, HFER, and HBEA at 623 – 748K. The pressures listed in each panel represent
the partial pressures of the hydrocarbon reactant and H2 that were held constant while
varying the temperature. The vertical bars on each data point represent the standard-error
associated with each measurement. The solid lines represent a linear fit to the experimental
data.
at least an order-of-magnitude (∼7× to ∼320×) higher than the corresponding values for
ethene and propene over all zeolites used in the study. This difference is indicative of the
high reactivity of 1,3-butadiene with H2 which consequently results in interception of its
further transformation to aromatics and polycyclics, and provides a mechanistic basis for
the observed enhancements in catalyst lifetime during MTH with H2 cofeeds. We propound
that the weak hydrogenation ability of Brønsted acid sites in zeolites relative to metal-based
hydrogenation catalyst formulations, and the higher degree of unsaturation in 1,3-butadiene
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Table 5.3: Apparent enthalpic (Ea; [kJ mol-1]) and entropic (∆Sa; [J mol-1 K-1]) barriers
for hydrogenation of ethene, propene, and 1,3-butadiene over acid zeolites and their 95%
confidence intervals.
Zeolite Ethene Propene 1,3-Butadiene
Ea ∆Sa Ea ∆Sa Ea ∆Sa
(kJ mol-1) (J mol-1 K-1) (kJ mol-1) (J mol-1 K-1) (kJ mol-1) (J mol-1 K-1)
HSSZ-13 16± 1 –295± 2 45± 2 –251± 4 34± 2 –224± 3
HSSZ-39 16± 4 –294± 6 46± 3 –239± 5 43± 3 –208± 4
HFER –31± 4 –348± 6 20± 2 –262± 2 30± 1 –224± 1
HBEA 51± 2 –223± 3 106± 12 –120± 18 59± 4 –174± 7
than in ethene and propene likely results in the observed higher reactivity of 1,3-butadiene
with H2 compared to ethene and propene.
Further, we discuss the topology-dependent decrements in the olefins-to-paraffins ratios
of eﬄuent with H2 cofeeds in context of the measured hydrogenation rate constants of ethene
and propene that are observed to be dictated by the zeolite topology (Table 5.2). The low
(∼2.8×) decrement in the olefins-to-paraffins ratio or correspondingly, the predominance of
C2 –C4 olefins over their paraffinic counterparts during MTH with H2 cofeeds over HSSZ-13
compared to other zeolites can be explained by the lowest values of the hydrogenation rate
constants of ethene (0.0019 versus 0.013 – 0.020 mol (mol H+)-1 s-1 (bar C2H4)-1 (bar H2)-1)
and propene (0.0027 versus 0.0084 – 0.33 mol (molH+)-1 s-1 (barC3H6)-1 (barH2)-1) over
HSSZ-13 among the zeolites used in the study. In the case of HSSZ-39 compared to HSSZ-
13, the higher selectivity of propane in the MTH eﬄuent with H2 cofeeds can be expli-
cated by the higher value (0.0084 versus 0.0027 mol (mol H+)-1 s-1 (bar C3H6)-1 (bar H2)-1)
of the measured rate constant of propene hydrogenation relative to HSSZ-13, while the
insignificant increase in ethane formation can be considered a result of its low activity
[0.0022mol (mol H+)-1 s-1 (bar C2H4)-1 (bar H2)-1] for ethene hydrogenation which is similar
to HSSZ-13. The measured hydrogenation rate constants of ethene, 0.013 mol (molH+)-1
s-1 (barC2H4)-1 (barH2)-1, and propene, 0.066 mol (mol H+)-1 s-1 (bar C3H6)-1 (bar H2)-1,
are both observed to be significantly higher on HFER relative to both HSSZ-13 and HSSZ-
39, and expound the highest decrement (∼9.8×) in the olefins-to-paraffins ratio during MTH
with H2 cofeeds. HBEA, however, deviates from the trend and although the hydrogena-
tion rate constants of ethene, propene, and 1,3-butadiene are highest amongst the zeolites
considered, the effects on lifetime (∼2× increment) and olefins-to-paraffins ratio (∼1.6×
decrement) with H2 cofeeds are less significant compared to other zeolites (Fig. 5.1). This
is likely a consequence of the relatively high lifetime (∼3500 versus ∼130 – 800molC mol -1H+)
and low olefins-to-paraffins ratio (∼1.9 versus ∼17.6 – 61.6) observed in the baseline MTH
case with He cofeeds over HBEA compared to other zeolites.
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5.5 Conclusions
The effectiveness of high-pressure H2 cofeeds to enhance catalyst lifetime during MTH catal-
ysis is demonstrated for four different zeolites (HSSZ-13, HSSZ-39, HFER, and HBEA) with
varying topologies (CHA, AEI, FER, and BEA) validating the general utility of the pro-
posed strategy. This effect of lifetime improvement with H2 cofeeds can be mechanistically
related to the higher proclivity of 1,3-butadiene to undergo hydrogenation with H2, rel-
ative to ethene and propene, which intercepts its further transformation and likely leads
to suppressed production of deactivation-inducing polycyclics during methanol conversion.
The topology-dependent variations in the paraffin make of the eﬄuent hydrocarbons during
MTH with H2 cofeeds over different zeolites can be interpreted based on the varying cat-
alytic behavior of protons towards hydrogenation of ethene and propene, wherein a higher
predisposition for these reactions is observed to correspond to lower olefins-to-paraffins ra-
tios or higher paraffins production during MTH with H2 cofeeds.
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5.6 Supplementary Information
5.6.1 Brønsted acid site density measurements
Fig. 5.4a shows the ammonia temperature programmed desorption (TPD) curve of the
HSSZ-13 sample and Fig. 5.4b shows the infrared (IR) spectra recorded after pyridine
adsorption on the HBEA sample. The site densities enumerated from these measurements
on the samples are tabulated in Table 5.4.
5.6.2 X-ray Diffraction
The powder X-ray diffraction patterns of the different zeolite samples – SSZ-13, SSZ-39,
FER, and BEA – used in the study were recorded on a Bruker D5005 diffractometer using
Cu-Kα (λ = 1.54Å) as the radiation source. The observed diffraction patterns (Fig. 5.5)
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Fig. 5.4: (a) NH3 desorption rate (left ordinate) versus time curve observed during tem-
perature (right ordinate) ramp at 0.167 K s-1 following saturation at 423 K in NH3 TPD
measurement of the HSSZ-13 sample. (b) IR spectra recorded under dynamic vacuum (∼20
µmHg) after pyridine adsorption (using sequential doses) on the HBEA sample at 323K;
the red curve represents the IR spectra obtained at saturation coverage of pyridine and
the dashed line at 1542 cm-1 represents the IR band associated with pyridine adsorbed on
Brønsted acid sites.
Table 5.4: Brønsted acid site density of different zeolite samples enumerated using NH3-
TPD and pyridine IR measurements.
Sample Brønsted acid site density (mmol g
-1)
NH3-TPD Pyridine IR
HSSZ-13 0.44 n.m.*
HSSZ-39 0.83 n.m.
HFER 0.64 0.62
HBEA 0.33 0.26
*n.m. = not measured
confirm the framework types as CHA, AEI, FER, and BEA, respectively of the different
zeolites, and indicate that no major impurity phases are present in the materials.
5.6.3 Check for stability and space-velocity effects on the rate measurements
As shown in Fig. 5.6a-b, the measured propane formation rates (per H+) during reactions
of propene (0.0004 bar) with H2 (4 bar) over HSSZ-13 are observed to be stable with time
on stream and weakly dependent on the space velocity (SV) of propene evidencing that the
measured hydrogenation rates are unaffected by deactivation and secondary reactions or
inhibition by products.
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Fig. 5.5: XRD patterns of (a) SSZ-13, (b) SSZ-39, (c) FER, and (d) BEA samples used in
the study (top) along with the reference spectra of the respective framework type obtained
from IZA [98] (bottom).
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Fig. 5.6: Dependence of propane formation rates (per H+) on (a) time on stream and (b)
space velocity (SV) during reactions of propene (0.0004 bar) with H2 (4 bar) over HSSZ-13.
The vertical bars on each data point in (b) represent the standard-error associated with
each measurement and the dashed horizontal lines in (a) and (b) represent the value of
formation rate of propane that is constant irrespective of the time on stream or changes in
the space-velocity.
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5.6.4 Check for effects of intracrystalline diffusional limitations
The absence of intracrystalline diffusional limitations on the rate measurements, especially
in the case of small-pore zeolites, HSSZ-13 and HSSZ-39, was confirmed by using the Weisz-
Prater criterion [151]. The values tabulated in Table 5.5 show that the effectiveness factor
(η) is = 1, which implies that the measured hydrogenation rates are not corrupted by
internal mass transfer limitations. (Note: The value of D/R2 was estimated by fitting
the experimentally observed propane uptake data (Fig. 5.7) collected at 333K to equation
5.8 [156]. The value of D/R2 thus obtained provides a lower-bound on the diffusion rate
since at reaction temperature of 673K, the corresponding value will be higher. (kH2pH2)673K
represents the pseudo-first order hydrogenation rate constant measured at 673K. Therefore,
the Thiele modulus (φ) and the corresponding effectiveness factor (η) are calculated while
considering the lower-bound on the diffusion rate and an upper-bound on the measured
reaction rate.)
Nt
N∞
= 1− 6
pi2
∞∑
n=1
1
n2
exp
(
−Dpi2n2t
R2
)
, (5.8)
where Nt is the molar uptake at time t and N∞ that at equilibrium, R2/D represents the
diffusional time scale.
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Fig. 5.7: Transient during propane uptake in HSSZ-13 at 333K (PoC3H8 = 0.3 kPa). The
solid line represents the fit to equation 5.8.
In addition to the above mathematical consideration of the effect of diffusional con-
straints, we also measured ethene hydrogenation rates (per H+) on a different HFER sam-
ple (Zeolyst CP914; Si/Al = 27.5) with lower [H+] (= 0.39mmol g-1 as assessed by NH3
TPD) than the one (Zeolyst CP914C; Si/Al = 10; [H+] = 0.64mmol g-1) reported ear-
lier to experimentally assess the effect of intracrystalline diffusional constraints on the
rate measurements, since under conditions with severe mass transfer limitations, sam-
ples with high [H+] can create intracrystalline gradients due to rapid reactant depletion
rates. As depicted in Fig. 5.8, ethane formation rates (per H+) vary linearly with the
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Table 5.5: Weisz-Prater criterion calculations for assessing effects of internal mass transfer
limitations during propene hydrogenation rate measurements on HSSZ-13.
[H+](R2/DC3H8@333K) 0.14 (mol H+) s
(kH2pH2)673K 2.7× 10−7 (mol H+)-1 s-1
φ
[
=
√
(kH2PH2)673K × [H+]R2/D
]
1.9× 10−4
η
[
=
tanhφ
φ
]
1
partial pressures of both ethene and H2, and the effective second-order rate constant is
∼0.0097 mol (mol H+)-1 s-1 (bar C2H4)-1 (bar H2)-1 which is within a factor of ∼0.7 to the
value of 0.013 (Table 5.2) observed on the sample with the higher [H+]. This demonstrates
that the measured hydrogenation rate constants are invariant with [H+] and are thus unaf-
fected by internal diffusional constraints.
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Fig. 5.8: Dependence of ethane formation rates (per H+) on (a) partial pressures of the
hydrocarbon (bottom-left axes) and H2 (top-right axes) at 673K and (b) temperature at
fixed partial pressures of ethene and H2 during hydrogenation of ethene over HFER (Zeolyst
CP914).
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Chapter 6
Kinetics of aromatics hydrogenation over HBEA
6.1 Abstract
Zeolite HBEA catalyzes hydrogenation of aromatic hydrocarbons –methyl-substituted ben-
zenes (benzene and toluene), alkenyl-substituted benzenes (styrene), and polycyclics (naph-
thalene) in the presence of excess H2 at high-temperatures (573 – 748K) with rates that de-
pend linearly on the aromatic hydrocarbon and H2 pressures. The observed kinetic behavior
can be rationalized based on a sequence of elementary steps where the first hydrogenation
step of the quasi-equilibrated benzenic intermediate formed on the zeolitic protons is rate-
determining while other hydrogenation and desorption steps are quasi-equilibrated and H+
is the most abundant surface intermediate. Among the hydrocarbons considered, styrene is
the most reactive with H2 resulting in the exclusive formation of ethylbenzene while keeping
the benzene ring intact whereas hydrogenation of benzene/toluene and naphthalene results
in the formation of their triply-hydrogenated 5-membered ring and doubly-hydrogenated
ring-open analogs, respectively. Independent studies involving co-reaction of cyclohexene
and methylcyclopentene with H2 infer their facile hydrogenation and interconversion indi-
cating that benzene hydrogenation to methylcyclopentane can occur via the intermediate
formation of cyclohexadiene/methylcyclopentadiene and cyclohexene/methylcyclopentene.
6.2 Introduction
Solid Brønsted acid zeolites are commonly used materials for several acid-catalyzed reac-
tions, e.g., isomerization [157], disproportionation [158, 159], reforming [160], dehydration
[161], acylation [162], carbonylation [102], transalkylation [163, 164], etc. due to their ther-
mal stability and shape-selective nature [6–8, 165–168]. However, these materials are lesser
known for hydrogenation reactions and are often instead used as supports for transition or
noble metals for direct hydrogenation [169, 170], hydrocracking [9, 171] and hydroisomer-
ization [172] applications. The ability of Brønsted acid sites in zeolites to activate H2 for
direct hydrogenation of olefins and monocyclic aromatics was initially demonstrated in the
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1980s by Sano and co-workers [173–175], Gadalla et al. [176], and Kanai et al. [117]. Sano
[177] implicated the acidic protons in HZSM-5 to be the active sites for hydrogenation of
olefins by showing that the selectivity of C2 –C3 paraffins was ∼25%C over a Fe/HZSM-5
sample (0.82wt% Fe; Si/Al = 20) compared to ∼1%C over a Fe/silicalite sample (2.2wt%
Fe) during CO hydrogenation (CO/H2 ∼ 1) at 673K, 9.8 bar, 1000 h-1. Similarly, Sano and
co-workers [174, 175, 177] demonstrated the active role of acidic protons in aromatics hydro-
genation by showing that the conversion levels of benzene (H/C = 1) during its co-reaction
with excess H2 (C6H6/H2 = 3/97) at 846K, 39.3 bar, 5000 h-1 over HZSM-5 samples with
fixed Si/Al (∼35) but with varying amounts of Fe (∼0.009 – 0.7wt%) did not vary significant
and the H/C ratio of eﬄuent products was ∼1.4 over the sample with 0.009wt% Fe loading
compared to ∼1.5 in the case of higher Fe contents. In their study, benzene hydrogenation
led to the formation of methane, ethane, propane, toluene, and xylenes while formation of
the direct hydrogenated analogs—cyclohexane and methylcyclopentane—was only observed
at lower temperatures (∼573K).
Several experimental [112, 120, 178] and theoretical reports [118, 179] since have vali-
dated the ability of proton-form zeolites for catalyzing olefins hydrogenation, and it has been
proposed that in the kinetic regime where the measured rates of paraffins formation vary lin-
early with olefin and H2 pressures, this reaction occurs via a set of elementary steps that are
the microscopic reverse of protolytic dehydrogenation of paraffins [120]. The results reported
in Chapter 4 and in a recent report by Zhao et al. [150] have demonstrated that the hydro-
genation ability of acidic protons can be exploited to significantly improve catalyst lifetime
(>70× enhancement in total turnover capacity) during methanol-to-hydrocarbons (MTH)
conversion over HSAPO-34 with H2 cofeeds. The formation of formaldehyde in transfer
dehydrogenation events involving methanol, and its involvement in electrophilic addition
reactions with olefins and methyl-substituted benzenes facilitating the formation of poly-
cyclics have been implicated as critical in catalyst deactivation during methanol conversion
over zeolites (Scheme 6.1) [43, 60, 61, 99, 106, 145]. The observed improvements in lifetime
with H2 cofeeds during methanol conversion therefore suggest that cofeeding H2 intercepts
formaldehyde-mediated alkylation pathways via preferential hydrogenation of the unsat-
urated intermediates formed during polycyclics production. In support of this proposal,
we reported in Chapter 5 results from independent kinetic studies of ethene, propene, and
1,3-butadiene hydrogenation over various zeolites (HSSZ-13, HSSZ-39, HFER, and HBEA)
wherein it was observed that the measured hydrogenation rate constants of 1,3-butadiene
were at least one order of magnitude (∼7× to ∼320×) higher than the corresponding val-
ues for ethene and propene over all zeolites considered. Zhao et al. [150] showed that the
composition of entrained hydrocarbons shifts from large polycyclics to light aromatics upon
treatment of a deactivated HSAPO-34 sample with high-pressure (∼13 bar) H2 feed. Al-
though this demonstration in addition to the ones reported by Sano and co-workers [174,
175, 177] evinces the ability of acidic zeolites to effect aromatics hydrogenation, no rates,
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mechanisms, or pathways of the involved reactions were presented.
Herein, we report results from kinetic studies of several aromatic compounds (ben-
zene, toluene, styrene, and naphthalene) over HBEA, which exhibits a 3-dimensional sys-
tem of mutually intersecting straight 12-membered ring channels with large pore openings
(6.4× 7.6Å along [100] and 5.5× 5.5Å along [001]) that allow diffusion of aromatics in
and out of the zeolite channels [180]. We rationalize the observed linear dependence of
the measured hydrogenation turnover rates (per H+) on the reactant pressures based on a
sequence of elementary steps where the first hydrogenation step of the quasi-equilibrated
Brønsted acid-bound aromatic intermediate is rate-determining. We report a quantitative
kinetic model that evinces that ring-reduction during benzene hydrogenation to methylcy-
clopentane can take place via a combination of the ‘C6 pathway’ (involving the intermediate
formation of cyclohexadiene and cyclohexene) and the ‘C5 pathway’ (involving the inter-
mediate formation of methylcyclopentadiene and methylcyclopentene). We also note that
the higher reactivity with H2 exhibited by styrene and naphthalene compared to benzene/-
toluene provides corroborating evidence to the aforementioned proposal stating that H2
cofeeds result in the interception of formaldehyde-mediated pathways thereby leading to
longer catalyst lifetimes during MTH.
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Scheme 6.1: Schematic illustrating formation of formaldehyde (F) from transfer dehydro-
genation of methanol (MeOH) with itself or an olefin and its involvement in Prins reaction
pathways with olefins (O) and methyl-substituted benzenes (MB) resulting in the formation
of unsaturated intermediates—polyenes (PE) and alkenyl-substituted benzenes (AB)—that
eventually transform to polycyclics (P) during methanol conversion over acidic zeolites.
Reaction scheme adapted from [43].
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6.3 Materials and Methods
6.3.1 Catalyst characterization
Zeolite BEA was sourced from Zeolyst (CP814E) in its ammonium-form and converted to
the proton-form by thermal treatment in flowing dry air (1.67 cm3 s-1; Zero Grade, Mathe-
son) at 823 K (0.0167 K s-1 ramp rate from RT) for 4 h. The framework type was confirmed
as BEA by powder X-ray Diffraction (XRD) collected using a Bruker micro-diffractometer
with Cu-Kα (λ = 1.54Å) as the radiation source (Fig. 6.4a). The t-plot micropore volume
(0.16 cm3 g-1) and Brunauer-Emmett-Teller (BET) surface area (530 m2 g-1) of the sam-
ple were obtained from N2 adsorption measurements collected at 77 K using ASAP 2020
(Micromeritics). The sample was degassed by evacuating the sample tube to ≤10µmHg
at 363 K (0.083 K s-1 ramp rate from RT) followed by thermal treatment in vacuo at 723 K
(0.083 K s-1 ramp rate from 363K) for 4 h prior to N2 adsorption. The adsorption-desorption
isotherms are shown in Fig. 6.4b. The average crystallite size of the sample was ascertained
as ∼500 µm from the Scanning Electron Microscopy (SEM) images (Fig. 6.6). The bulk
Si/Al atomic ratio of ∼12.5 was determined from Scanning Electron Microscopy with En-
ergy Dispersive X-ray Spectroscopy (SEM-EDS) measurements, and matches closely with
the value of 17.6 measured in the near-surface region obtained from X-ray Photoelectron
Spectroscopy (XPS) measurements indicating that Al is uniformly distributed in the lattice.
The Brønsted acid site density was obtained from NH3 temperature programmed desorp-
tion (0.33 mmol g-1) and pyridine IR (0.26 mmol g-1) measurements as reported earlier in
Chapter 5. We note that the two site counts are within a factor of 0.8, therefore to be
consistent with the other kinetic results reported in Chapter 5 for ethene, propene, and 1,3-
butadiene hydrogenation over this sample, all rate constants reported herein are obtained
after normalization of the observed rates by the site count measured from NH3 TPD.
6.3.2 Catalytic testing
All experiments were performed in a borosilicate glass-lined stainless steel reactor tube
(6.35 mm outer diameter and 4 mm inner diameter; Scientific Glass Engineering). The
proton-form zeolite sample was subject to pelletization, crushing, and sieving to retain 180-
250 µm (60-80 mesh) aggregates which were physically mixed with aggregates of sand (Acros
Organics; subjected prior to an overnight wash in 2M HNO3 solution followed by deionized
water rinse until pH ∼7, and a final thermal treatment in flowing dry air (1.67 cm3 s-1) at
1273 K (0.083 K s-1 ramp rate from RT) for 16 h; 10 < wtdiluent/wtcat < 15) and packed
in the middle of the reactor tube between quartz wool (Technical Glass Products) plugs.
The tubular reactor was placed inside a resistively heated furnace (Model 3210, Applied
Test Systems), and the reaction temperature was measured using a K-type thermocouple
(TJ36-CAXL-020U-12, Omega) wrapped around the reactor periphery with the tip placed
near the axial-center and regulated with an electronic controller (Series 96, Watlow). The
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free volume above and below the catalyst bed was filled by quartz rods (3mm O.D.; Tech-
nical Glass Products) to prevent any vertical displacement of the catalyst bed. Prior to
catalytic measurements, the catalyst bed was pretreated in flowing dry air (1.67 cm3 s-1)
at 823K (0.0167 K s-1 ramp rate from RT) for 4 h before being allowed to cool down to
673K and being subject to a He (1.67 cm3 s-1; 99.997%, Matheson) purge at 673K for
≥2 h. All gas flows including H2 (99.9999%, Matheson), He, and Ar (99.9995%, Math-
eson) were metered using mass flow controllers (Model 5850E, Brooks). Liquid reagents
including benzene (≥99.0%, ACS Reagent, Sigma-Aldrich), cyclohexene (≥99.0%, Sigma-
Aldrich), 1-methyl-1-cyclopentene (≥98.0%, Sigma-Aldrich), toluene (≥99.9%, HPLC Plus,
Sigma-Aldrich), styrene (≥99.0% with 4-tert-butylcatechol as stabilizer which was removed
prior to use with an alumina-based inhibitor remover (product #306320, Sigma-Aldrich),
ReagentPlus®, Sigma-Aldrich), ethylbenzene (99.8%, anhydrous, Sigma-Aldrich), and p-
xylene (≥99.0%, puriss. p.a. Sigma-Aldrich) were delivered using a syringe pump (Legato
100, KD Scientific), vaporized in heat traced lines (∼358 K), and swept by the flowing gas
stream. Naphthalene (99%, Sigma-Aldrich) is a solid at room temperature, and was there-
fore dissolved and fed as a mixture with benzene (naphthalene/benzene ∼ 35). Cyclohexene,
1-methyl-1-cyclopentene, and styrene were also fed as a dilute mixture with toluene (R/-
toluene∼ 370 – 525) in order to obtain their low inlet partial pressures (0.04 – 0.30× 10-5 bar)
which was necessary to eliminate any secondary reactions and to obtain high selectivity of
products resulting from their direct hydrogenation with H2. Control experiments were
performed with He cofeeds instead of H2 in order to verify that the observed hydrogena-
tion was a consequence of direct hydrogen transfer from H2 and not due to intermolecular
hydrogen transfer between hydrocarbons. The total gas-phase pressure was measured us-
ing a pressure transducer (0 – 6890 kPag; PX32B1-1KGV, Omega) placed upstream of the
reactor tube, and controlled using a back-pressure regulator (0 – 3440 kPag; 44-2300 se-
ries, Tescom) placed downstream of the reactor tube. The composition of the reactant and
product streams was characterized and quantified using a gas chromatograph (Model 7890A,
Agilent) equipped with a dimethylpolysiloxane HP-1 column (50 m × 320 µm × 0.52µm)
connected to a flame ionization detector and a mass spectrometer (Model 5975C, Agilent)
for detection of hydrocarbons, and a GS-GasPro column (60 m × 320 µm) connected to a
thermal conductivity detector for detecting permanent gases (H2 and Ar).
6.4 Results
6.4.1 Hydrogenation of methyl-substituted benzenes over HBEA
Benzene and toluene were chosen as the representative methyl-substituted benzenes in
this study. Reactions of benzene and toluene with excess H2 (H2/R > 1500, where R
= C6H6/C7H8) at 673K on HBEA under differential conditions (<0.1% conversion) re-
sulted in the formation of methylcyclopentane in the case of benzene, and a combination
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of dimethylcyclopentanes, ethylcyclopentane and methylcyclohexane in the case of toluene,
as shown in Scheme 6.2. As seen in Fig. 6.5a-b, the measured hydrogenation rates of ben-
zene and toluene showed a weak dependence on the space velocity evidencing that the rate
measurements were not influenced by secondary conversions or product inhibition. Fur-
ther, using the Weisz-Prater criterion [151], it was verified that the measured rates were
not corrupted by internal diffusion limitations and reflect solely the propensity of protons
to catalyze the hydrogenation reactions under study (Table 6.2). Fig. 6.1 shows that the
measured rates of benzene and toluene hydrogenation normalized by the total Brønsted acid
sites (H+) in the catalyst bed depend linearly on the partial pressures of both the aromatic
hydrocarbon (pR) and H2 (pH2), and can be described by the rate expression shown in Eq.
6.1.
r
[H+]
= kRH2pRpH2 . (6.1)
The term kRH2 in Eq. 6.1 represents an effective second-order rate constant and can be enu-
merated as the slope of the linear fit to the observed rate measurements as a function of the
aromatic or H2 pressures. The values (kC6H6H2 and k
C7H8
H2 ) thus obtained in the case of benzene
and toluene hydrogenation over HBEA at 673K are (0.0012± 0.0002) and (0.0033± 0.0004),
respectively, with the corresponding units as mol (molH+)-1 s-1 (barR)-1 (barH2)-1. The
temperature dependence of the measured rate constants is presented in Fig. 6.7 and can
be described by the Arrhenius expression (Eq. 6.8). This description allows enumeration of
the apparent enthalpic and entropic barriers for hydrogenation of benzene and toluene over
the HBEA sample, and the corresponding values are tabulated in Table 6.3.
Benzene Methylcyclopentane
+3H2
Toluene Dimethylcyclopentanes
(55%)
Ethylcyclopentane
(13%)
Methylcyclohexane
(32%)
+ 3H2
Scheme 6.2: Schematic showing the typical product distribution observed during ben-
zene and toluene hydrogenation over HBEA at 673K. The conversion level in case of
toluene hydrogenation was ∼0.06% during its feed at 0.0016 bar with 3.0 bar H2 at
24.9molC7H8 (molH+ ·ks)-1 and 3.07 bar total pressure (including 0.068 bar Ar).
The observed linear dependence of measured turnover rates of benzene and toluene
hydrogenation over HBEA (Eq. 6.1) can be realized by the set of elementary steps shown
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Fig. 6.1: Dependence of the turnover rates (per H+) of (a) benzene and (b) toluene
hydrogenation on partial pressures of the aromatic (bottom-left axes) and H2 (top-right
axes) during their reaction at 673K and (a) 18.7 – 49.8molC6H6 (molH+ ·ks)-1; (b) 19.9 –
53.0molC7H8 (molH+ ·ks)-1 over HBEA. The quantities listed along each line indicate the
partial pressure of either the aromatic hydrocarbon or H2 held constant while varying the
partial pressure of the other reagent during the kinetic measurements. The vertical bars on
each data point represent the standard-error associated with each measurement. The solid
lines represent a linear fit to the experimental data. The total gas-phase pressure of the
reactant stream varied from 2.07 – 8.07 bar (including 0.068 bar Ar) during the experiments.
in Scheme 6.3 under the following assumptions: i) the fourth step involving the first hydro-
genation reaction between the surface intermediate derived from the hydrocarbon reactant
(RH+) and intrazeolite H2 species (H2 (z)) is rate-determining, ii) all other hydrogenation
steps and steps involving the adsorption/desorption of the reactants and products into and
out of the zeolite channels are quasi-equilibrated, and iii) Brønsted acid sites (H+) are the
most abundant surface species.
The selective formation of the 5-membered ring hydrogenated analogs during ben-
zene and toluene hydrogenation over HBEA is unlike the case over metals-based catalysts
where the primary products typically formed are cyclohexane and methylcyclohexane, re-
spectively [169]. This observation is consistent with (i) the higher stability of 5-membered
ring cycloalkanes compared to their six-membered ring analogs as predicted by thermody-
namic considerations (calculated ∆Gof (623K) ∼−338.2 kJ mol−1 for methylcyclopentane
compared to ∼−329.9 kJ mol−1 for cyclohexane; see Section 6.7.5 for the calculations),
and the ability of acid zeolites to promote the formation of carbenium ions that evolve
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Scheme 6.3: Elementary steps proposed for hydrogenation of aromatic hydrocarbons [R
= C6H6/C7H8] with H2 over HBEA. The step highlighted in bold is considered as rate-
determining. The notations g and z in the parenthesis denote the gas phase and intrazeolite
phase, respectively.
through alkyl and hydride rearrangements toward the thermodynamically more stable form
[9, 181]. The observed linear dependence of the measured hydrogenation rates on the re-
actant pressures and the corresponding interpretation that the first hydrogenation step is
the rate-determining step implies that it is kinetically infeasible to ascertain when the ring-
reduction takes place during the three hydrogenation steps since the intermediate species
will react rapidly to the final observed products, or in other words, kC6/C51  kC6/C52 or
k
C6/C5
3 (Scheme 6.4). To further validate this, we carried out independent studies involving
hydrogenation of cyclohexene and 1-methyl-1-cyclopentene over HBEA in order to enu-
merate the values of kC63 and kC53 for comparison with k
C6/C5
1 (= kC6H6H2 ) reported earlier.
Co-feeding cyclohexene and 1-methyl-1-cyclopentene (diluted with toluene) indepen-
dently with excess H2 (H2/R > 33,000) resulted in the formation of methylcyclopentane,
however, in both cases facile interconversion between cyclohexene and methylcyclopentenes
was also observed which was independent of the cofeed identity among H2 or He. Scheme 6.5
shows the eﬄuent product distribution observed while feeding cyclohexene or 1-methyl-1-
cyclopentene with H2 under identical reaction conditions. Therefore, in order to enumerate
the values of their hydrogenation rate constants (kC63 and kC53 , respectively) while consid-
ering their disposition to interconvert, we considered an integral packed bed model with
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Scheme 6.4: Schematic showing the sequential hydrogenation steps during co-reaction
of benzene and H2 over HBEA leading to the formation of methylcyclopentane. The top
pathway involving the transient formation of cyclohexadiene and cyclohexene is referred as
the ‘C6 pathway’ and the bottom pathway involving the transient formation of methylcy-
clopentadiene and methylcyclopentene is referred as the ‘C5 pathway’.
plug-flow hydrodynamics with the corresponding material balance equations shown in Eqs.
6.2 – 6.4.
dn˙i
dw
=
∑
j
ri,j(kj , pj) , (6.2)(
V˙
RT
)
d(pi/po)
d(w/wo)
=
∑
j
ri,j(kj , pj/po)× wo , (6.3)(
V˙
RT
)
d(pi/po)
dy
=
∑
j
ri,j(kj , pj/po)× wo , (6.4)
where n˙ represents the molar flow rate of species i measured at ambient conditions (295K
and 1 atm), w represents the number of H+ in the catalyst bed, ∑j ri,j represents the net
rate of formation of species i from j reactions, kj represents the unknown rate constant
of reaction j, pi or pj represent the instantaneous partial pressures of species i/j along
the catalyst bed, V˙ represents the total volumetric flow rate of the inlet feed measured
at ambient conditions, po represents the inlet partial pressure of the reactant, and wo
represents the total number of H+ in the catalyst bed. The boundary condition for this
model is: @y = 0, pi/po = 1 for reactants and 0 for products.
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Cyclohexene Methylcyclopentane
(14%)
1-Methyl-1-cyclopentene
(70%)
1-Methyl-3-cyclopentene
(16%)
+H2
1-Methyl-1-cyclopentene Methylcyclopentane
(20%)
1-Methyl-3-cyclopentene
(54%)
Cyclohexene
(26%)
+H2
Scheme 6.5: Schematic showing eﬄuent product distribution observed during co-reaction
of 0.11× 10-5 bar cyclohexene or 1-methyl-1-cyclopentene with 0.15 bar H2 over HBEA at
623K and 0.15molC6H10 (molH+ ·ks)-1 with corresponding conversion levels of 88% and 26%.
The overall composition of the reactant stream was 0.11× 10-5 bar cyclohexene/1-methyl-1-
cyclopentene, 59× 10-5 bar toluene, 0.15 bar H2, 1.35 bar He and 0.026 bar Ar, and the total
pressure was 1.52 bar.
The two methylcyclopentene isomers were lumped together as one species, and the
rates of the interconversion reactions between cyclohexene and methycyclopentenes were
considered to depend linearly on the partial pressure of the reactants while the rates of
their hydrogenation reactions were considered to depend linearly on the partial pressures
of both the hydrocarbon and H2. Under these assumptions, the corresponding material
balance equations for solving the partial pressure profiles of the three species involved—
(1) cyclohexene, (2) methylcyclopentenes, and (3) methylcyclopentane—are shown in Eqs.
6.5 – 6.7. (
V˙
RT
)
d(p1/po)
dy
= [kC52b (p2/po)− kC62f (p1/po)− kC63 (p1/po) pH2 ]× wo . (6.5)
(
V˙
RT
)
d(p2/po)
dy
= [kC62f (p1/po)− kC52b (p2/po)− kC53 (p2/po) pH2 ]× wo . (6.6)
(
V˙
RT
)
d(p3/po)
dy
= [kC63 (p1/po)pH2 + kC53 (p2/po)pH2 ]× wo . (6.7)
We used the ‘ode45’ function in MATLAB to solve for the partial pressure profiles along
the catalyst bed (y = 0:1) and ‘lsqcurvefit’ to ascertain the estimates of the four unknown
parameters—kC62f , kC52b , kC63 , and kC53 —while minimizing the difference between the values of
pi/po at y = 1 obtained from the MATLAB simulations and those observed during experi-
ments (see Section 6.7.6 for the code). In total, 44 different data sets, including variations
in the inlet partial pressures of cyclohexene/methylcyclopentene (0.09 – 0.21× 10-5 bar) and
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H2 (0.075 – 0.375 bar) while keeping the total pressure fixed at 1.52 bar (balanced by a
combination of toluene, argon, and helium), and variations in the inlet space velocities of
cyclohexene/methylcyclopentene (0.09 – 0.53molC6H10 (molH+ ·ks)-1) were fitted together to
estimate the unknown kinetic parameters and the corresponding values along with their
95% confidence interval values are listed in Table 6.1. Fig. 6.2 shows the parity plot be-
tween the simulated and experimentally observed exit partial pressures of the three species.
Table 6.1: Estimates of the kinetic parameters dictating interconversion between cyclohex-
ene and methylcyclopentenes, and their hydrogenation to methylcyclopentane at 623K over
HBEA along with their 95% confidence interval values obtained using MATLAB. Scheme
6.5 shows the correspondence between the different kinetic parameters and the specific
reactions they dictate.
Kinetic parameter Estimated value Units
kC62f 481.6± 11.17 mol (mol H+)-1 s-1 (bar R)-1
kC52b 48.02± 3.972 mol (mol H+)-1 s-1 (bar R)-1
kC63 207.0± 21.16 mol (mol H+)-1 s-1 (bar R)-1 (bar H2)-1
kC53 45.17± 7.080 mol (mol H+)-1 s-1 (bar R)-1 (bar H2)-1
As shown in Fig. 6.7, the hydrogenation rate constant of benzene at 623K is ∼0.00029
mol (mol H+)-1 s-1 (bar C6H6)-1 (bar H2)-1 which is significantly lower (∼156,000 – 715,000×)
than the hydrogenation rate constants of either cyclohexene or methylcyclopentenes, evi-
dencing that the intermediate species formed after the first hydrogenation step react rapidly
to the final product. Furthermore, we observe that although the hydrogenation rate constant
of cyclohexene is higher (∼4.6×) than the corresponding value for methylcyclopentenes,
the rate constant for its conversion to methylcyclopentenes is also higher (∼10×) than the
corresponding value for the conversion of methylcyclopentenes to cyclohexene. This consid-
eration suggests that hydrogenation of benzene to form methylcyclopentane can occur via
a combination of the ‘C6’ and ‘C5’ pathways.
6.4.2 Hydrogenation of alkenyl-substituted benzenes and polycyclics over HBEA
Styrene and Naphthalene were chosen as the representative alkenyl-substituted benzene
and polycyclic in this study. Reactions of styrene (diluted with toluene) and naphthalene
(diluted with benzene) with excess H2 (H2/R > 28,000) at 673K on HBEA under differ-
ential conditions (<11%C conversion) resulted in the exclusive formation of ethylbenzene
in the case of styrene, and a combination of 1,4-dihydronaphthalene, tetralin, 1-methyl-1-
propenyl-benzene, 1-ethenyl-4-ethyl-benzene, and 1-propenyl-benzene (likely resulting from
protolytic cracking of 1-methyl-1-propenyl-benzene with the corresponding methyl group
reacting with benzene and naphthalene in the feed to form toluene and methylnaphthalene,
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Fig. 6.2: Parity plot between the simulated (psim) and experimentally (pexp) observed
exit partial pressures (normalized by the inlet partial pressures of the reactant (p0)) of
cyclohexene ( ), methylcyclopentenes ( ), and methylcyclopentane ( ) during indepen-
dent experiments involving co-reactions of cyclohexene or 1-methyl-1-cyclopentene (0.09 –
0.21× 10-5 bar) with H2 (0.075 – 0.375 bar) at 623K and 0.09 – 0.53molC6H10 (molH+ ·ks)-1
over HBEA. The overall composition of the reactant stream was 0.09 – 0.21× 10-5 bar
cyclohexene/1-methyl-1-cyclopentene, 47.3 – 110.3× 10-5 bar toluene, 0.075 – 0.375 bar H2,
1.20 – 1.40 bar He and 0.026 bar Ar, and the total pressure was 1.52 bar.
respectively, both of which were observed in the eﬄuent) in the case of naphthalene as
shown in Scheme 6.6. Fig. 6.3 shows that the turnover rates (per H+) of both styrene and
naphthalene hydrogenation vary linearly with the partial pressures of the respective reac-
tant and H2, as was the case during benzene and toluene hydrogenation (Fig. 6.1). This
again stipulates that the observed kinetic behavior can be described by the rate expression
shown in Eq. 6.1 and rationalized by the sequence of elementary steps shown in Scheme 6.3
where the first hydrogenation step is rate-determining regardless of the number of moles
of H2 incorporated in the eﬄuent products. The temperature dependence of the measured
hydrogenation rate constants of both styrene and naphthalene is shown in Fig. 6.7. From
Fig. 6.3, the effective second-order rate constants are enumerated as (38.2± 5.7) for styrene
hydrogenation at 623K and (0.71± 0.24) for naphthalene hydrogenation at 673K with
the corresponding units being mol (mol H+)-1 s-1 (bar R)-1 (bar H2)-1. For comparison with
other hydrogenation rate constants reported at 673K, the corresponding value for styrene
is 68.1mol (molH+)-1 s-1 (barC8H8)-1 (barH2)-1) as obtained from Fig. 6.7).
76
6.5. Discussion
Styrene Ethylbenzene
+H2
Naphthalene Tetralin
(7%)
1-Methyl-1-propenyl-
benzene
(11%)
1-Ethenyl-4-ethyl-
benzene
(13%)
1-Propenyl-benzene
(63%)
+ 2H2
Scheme 6.6: Schematic showing the typical product distribution observed during styrene
and naphthalene hydrogenation over HBEA at 673K. In the case of naphthalene hydrogena-
tion, the balance 6% selectivity belongs to the singly-hydrogenated analog of naphthalene—
1,4-dihydro-naphthalene—and the overall conversion level was ∼4% during its feed at
8.7× 10-5 bar with 3.02 bar H2 and 4.7molC10H8 (molH+ ·ks)-1. The overall composition of
the reactant stream was 8.7× 10-5 bar naphthalene, 304.5× 10-5 bar benzene, 3.02 bar H2,
and 0.068 bar Ar, and the total pressure was 3.09 bar.
6.5 Discussion
We note that while hydrogenation of benzene and toluene results primarily in the formation
of their triply-hydrogenated 5-membered ring analogs, hydrogenation of styrene results only
in the formation of ethylbenzene via hydrogenation of the ethenyl-substituent group while
leaving the benzene ring intact (Schemes 6.2 and 6.6). Further, co-reacting ethylbenzene
with excess H2 (H2/C8H10 ∼ 10,000) in independent studies also did not yield any hy-
drogenated analogs of ethylbenzene and instead, ethylbenzene underwent cracking to form
benzene and ethene. Similarly, co-reacting p-xylene with excess H2 (H2/C8H10 ∼ 1,200,000)
also did not result in the formation of its hydrogenated analogs and instead, p-xylene un-
derwent isomerization to m-xylene, and disproportionation to toluene and trimethylben-
zenes. These observations suggest that the presence of an alkyl-substituent or more than
one methyl-substituent on the benzene ring introduce secondary reaction pathways which
prevent the direct hydrogenation of the benzenic ring until the corresponding molecules
transform to either benzene or toluene. The detailed mechanistic origins of this observation
are still not yet fully understood.
As deduced by the differences in the measured rate constants, styrene and naphthalene
are observed to exhibit significantly higher (∼20,300 – 58,900× and ∼210 – 620×, respec-
tively) propensity for hydrogenation compared to benzene/toluene at 673K. The higher
reactivity of styrene with H2 compared to benzene/toluene can be rationalized based on (i)
the retainment of aromaticity in the singly-hydrogenated analog—ethylbenzene—observed
during styrene hydrogenation compared to the triply-hydrogenated analogs observed in
the case of benzene/toluene hydrogenation, and (ii) the presence of pi delocalization in
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Fig. 6.3: Dependence of the turnover rates (per H+) of (a) styrene and (b) naphthalene hy-
drogenation on partial pressures of the aromatic (bottom-left axes) and H2 (top-right axes)
during reactions of (a) styrene with H2 at 623K and 0.4 – 1.0molC8H8 (molH+ ·ks)-1, and (b)
naphthalene with H2 at 673K and 2.7 – 5.3molC10H8 (molH+ ·ks)-1 over HBEA. The quanti-
ties listed along each line indicate the partial pressure of either the aromatic hydrocarbon or
H2 held constant while varying the partial pressure of the other reagent during the kinetic
measurements. The vertical bars on each data point represent the standard-error associ-
ated with each measurement. The solid lines represent a linear fit to the experimental data.
In the case of styrene hydrogenation, the overall composition of the reactant stream was
0.04 – 0.1× 10-5 bar styrene, 14.8 – 37.0× 10-5 bar toluene, 0.075 – 1.98 bar H2 and 0.012 bar
Ar, and the total pressure varied from 1.38 – 2.00 bar. In the case of naphthalene hydro-
genation, the overall composition of the reactant stream was 5 – 10× 10-5 bar naphthalene,
0.00175 – 0.0035 bar benzene, 3.0 – 6.0 bar H2 and 0.068 bar Ar, and the total pressure was
3.08 – 6.08 bar.
the benzyl carbenium ion (C6H5 –CH+ –CH3) that is likely formed upon interaction of the
ethenyl-substitutent group in styrene with H+ compared to the case of arenium ions (C6H7+
or C6H6+ –CH3) likely formed upon the interaction of benzene/toluene with H+ in step 3
of Scheme 6.3 [182]. The higher reactivity of naphthalene compared to benzene with H2
over HBEA is consistent with similar reactivity trends observed over sulfided metal-based
catalysts [183] and is likely rationalized based on the lower resonance energy per ring in
naphthalene (∼117 kJ/mol) compared to benzene (∼167 kJ/mol) although the overall reso-
nance stabilization is higher in naphthalene (∼314 kJ/mol) [169, 184].
In Chapter 5, we reported the effective second-order hydrogenation rate constants of
ethene, propene, and 1,3-butadiene over this sample at 673K as 0.020, 0.33, and 2.3, re-
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spectively, in the same units as those used in this study. Comparing these values with those
measured for benzene and toluene, we infer that both olefins and polyenes are more reactive
(>6× higher rate constants) with H2 than benzene/toluene, which can be likely ascribed to
resonance stabilization present in the latter. Further, akin to the observation of higher re-
activity with H2 of alkenyl-substituted benzenes (styrene) compared to methyl-substituted
benzenes (benzene and toluene), polyenes (1,3-butadiene) are observed to be more reactive
(>7× higher rate constant) than olefins (ethene and propene). Overall, these observations
indicate that both the unsaturated intermediates (polyenes and alkenyl-substituted ben-
zenes) and polycyclics that result in formaldehyde-mediated alkylation pathways during
methanol conversion (Scheme 6.1) are more prone to reaction with H2, which underlies the
observed effectiveness of high-pressure H2 cofeeds in prolonging catalyst lifetimes during
MTH over acidic zeolites.
6.6 Conclusions
Hydrogenation of benzene, toluene, styrene, and naphthalene with excess H2 over HBEA
under differential conditions occurs with rates that vary linearly with both the aromatic hy-
drocarbon and H2 pressures implicating the first hydrogenation step to be rate-determining.
Hydrogenation of benzene and toluene results primarily in the formation of their triply-
hydrogenated 5-membered ring analogs. Independent kinetic studies of cyclohexene and
methylcyclopentene hydrogenation reveal that the rate constants dictating their intercon-
version and hydrogenation to methylcyclopentane are significantly larger than the rate con-
stant of benzene hydrogenation to methylcyclopentane, indicating the feasibility of the in-
termediate formation of cyclohexadiene/methylcyclopentadiene and cyclohexene/methylcy-
clopentene during benzene hydrogenation. Hydrogenation of styrene results in the exclusive
formation of ethylbenzene while leaving the benzene ring intact. Co-reacting ethylbenzene
or p-xylene with excess H2 also does not result in the hydrogenation of the benzene ring,
but instead these reactants undergo secondary reactions including cracking, isomerization,
and disproportionation to yield benzene and toluene which further yield the 5-membered
ring hydrogenated products. Based on the magnitudes of the measured rate constants, it
is concluded that both alkenyl-substituted benzenes and polycyclics exhibit a higher pre-
disposition for reaction with H2 than methyl-substituted benzenes, thereby providing a
mechanistic basis for the observed enhancements in catalyst lifetime during MTH with H2
cofeeds over acidic zeolites.
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6.7 Supplementary Information
6.7.1 X-ray Diffraction and N2 adsorption-desorption isotherms
Figs. 6.4a-b show the XRD pattern and the adsorption-desorption isotherms, respectively,
of the HBEA sample that confirm its crystalline and microporous nature.
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Fig. 6.4: (a) X-ray diffractogram of the HBEA sample (top) along with the reference
diffractogram obtained from IZA [98] (bottom); (b) N2 adsorption and desorption isotherms
of the HBEA sample.
6.7.2 Check for space-velocity effects on rate measurements
As shown in Fig. 6.5a-b, the measured hydrogenation rates during reactions of benzene
(0.0024 bar) with H2 (2 bar), and toluene (0.0016 bar) with H2 (4 bar) over HBEA at 673K
are weakly dependent on the space velocity (SV) of the aromatic reactant and are thus
unaffected by secondary reactions or inhibition by products.
6.7.3 Check for effects of intracrystalline diffusional limitations
The absence of intracrystalline diffusional limitations on the rate measurements was con-
firmed by using the Weisz-Prater criterion [151]. The values tabulated in Table 6.2 show
that the effectiveness factor (η) is = 1, which implies that the measured hydrogenation rates
are not corrupted by internal mass transfer limitations. (Note: The diffusivity coefficient (D,
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Fig. 6.5: Dependence of hydrogenation rates (per H+) on space velocity (SV) during
reactions of (a) benzene (0.0024 bar) with H2 (2 bar), and (b) toluene (0.0016 bar) with
H2 (4 bar) over HBEA. The vertical bars on each data point represent the standard-error
associated with each measurement and the dashed horizontal lines are drawn as a guide to
the viewer in order to show that hydrogenation rates vary insignificantly with changes in
the space-velocities of benzene and toluene during their hydrogenation with H2 over HBEA
at 673K.
∼2× 10−14m2 s-1 @ 300K) of toluene in HBEA was obtained from [185] and the crystallite
size (R, ∼500 µm) was estimated from scanning electron microscopy images (Fig. 6.6). The
value of D/R2 thus obtained provides a lower-bound on the diffusion rate since at reaction
temperature of 673K, the corresponding value will be higher. (kH2pH2)673K represents the
pseudo-first order hydrogenation rate constant measured at 673K. Therefore, the Thiele
modulus (φ) and the corresponding effectiveness factor (η) are calculated while considering
the lower-bound on the diffusion rate and an upper-bound on the measured reaction rate.)
(a)
1mm
(b)
300µm
(c)
30µm
(d)
1µm
Fig. 6.6: SEM images of the HBEA sample at different magnification levels.
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Table 6.2: Weisz-Prater criterion calculations for assessing effects of internal mass transfer
limitations during toluene hydrogenation measurements on HBEA.
[H+](R2/DC7H8@300K) 13.4 (mol H+) s
(kH2pH2)673K 2.6× 10−7 (mol H+)-1 s-1
φ
[
=
√
(kH2pH2)673K × [H+]R2/D
]
0.0019
η
[
=
tanhφ
φ
]
1
6.7.4 Temperature dependence of the measured hydrogenation rate constants
The temperature dependence of the measured hydrogenation rate constants of the different
aromatic hydrocarbons is shown in Fig. 6.7 and can be described by the Arrhenius expression
shown in Eq. 6.8.
kRH2 = A exp
(
− Ea
RT
)
, (6.8)
where A and Ea represent the pre-exponential factors and the apparent enthalpic barriers,
respectively, for the hydrogenation reactions. The pre-exponential factors in Eq. 6.8 can be
used to calculate the apparent entropic barriers (∆Sa) after accounting for the number of
C–H bonds (nb) in the hydrogenated analogs of the reactants (12, 11, 5, and 8 in the case
of benzene, toluene, styrene, and naphthalene, respectively) using Eq. 6.9, which follows
the formalism reported by Gounder and Iglesia [152]. The experimentally measured values
of these barriers for hydrogenation reactions of all the aromatic hydrocarbons considered
over the HBEA sample are listed in Table 6.3.
∆Sa = R
[
ln
(
A
nb
)
− ln
(
kBT
h
)]
. (6.9)
Table 6.3: Apparent enthalpic (Ea; [kJ mol-1]) and entropic (∆Sa; [J mol-1 K-1]) barriers
for hydrogenation of benzene, toluene, styrene, and naphthalene over HBEA and their 95%
confidence intervals.
Aromatic hydrocarbon Ea ∆Sa
(kJ mol-1) (J mol-1 K-1)
Benzene 89± 11 –196± 17
Toluene 59± 10 –230± 15
Styrene 33± 6 –181± 10
Naphthalene 63± 7 –177± 11
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Fig. 6.7: Temperature dependence of the measured second-order hydrogenation rate con-
stants of benzene, toluene, styrene, and naphthalene hydrogenation with H2 over HBEA
at 623 – 698K. The pressures listed along each solid line represent the partial pressures of
the hydrocarbon reactant and H2 that were held constant while varying the temperature.
The vertical bars on each data point represent the standard-error associated with each
measurement. The solid lines represent an exponential fit to the experimental data.
6.7.5 Calculation of Gibbs free energies of formation
The standard enthalpies (∆Hof ) and entropies (∆Sof ) of formation of cyclohexane and
methylcyclopentane at 298.15K listed in Table 6.4 were obtained from NIST ( [186] and
[187], respectively). The functional forms of the variations in molar specific heats at constant
pressure with temperature for both cyclohexane and methylcyclopentane were obtained by
a second-order polynomial fit to the values reported by NIST [187] and are shown in Fig.
6.8.
Table 6.4: Standard enthalpies (∆Hof ) and entropies (∆Sof ) of formation of cyclohexane
and methylcyclopentane at 298.15K obtained from NIST ([186] and [187], respectively).
Cyclohexane Methylcyclopentane
∆Hof, 298.15K (kJ mol-1) – 124.60 – 106.69
∆Sof, 298.15K (J mol-1 K-1) 298.19 339.82
Using Eqs. S3 and S4, the standard enthalpies and entropies of formation of cyclohexane
and methylcyclopentane at 623K were obtained to yield the respective standard Gibbs free
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Fig. 6.8: Plots showing variations in the molar specific heats at constant pressure (CP) with
temperature for (a) cyclohexane and (b) methylcyclopentane. The dashed lines represent
the second-order polynomial fit to the data obtained from NIST [187] and the corresponding
functional forms of the polynomials are listed at the bottom of each plot.
energies of formation as – 329.9 and – 338.2 kJ mol-1.
∆Hof, 623K = ∆Hof, 298.15 +
623∫
298.15
CP
1000 dT . (S3)
∆Sof, 623K = ∆Sof, 298.15K +
623∫
298.15
CP
T
dT . (S4)
6.7.6 MATLAB code for estimating kinetic parameters involved in cyclohexene and
methylcyclopentene hydrogenation
The main source code is as follows.
clear;
clc;
global n p_fit p_profile
%cyhx=cyclohexene
%mcpo=methylcyclopentenes
%mcpp=methylycyclopentane
exp=[
0.1121 0.0266 0.0722 0.0133 0.3735 9.3392 0.0268
0.1128 0.0285 0.0743 0.0100 0.2632 9.3392 0.0268
0.1128 0.0304 0.0766 0.0059 0.1504 9.3392 0.0268
0.0896 0.0238 0.0613 0.0046 0.1494 9.3392 0.0268
0.1345 0.0357 0.0921 0.0067 0.1494 9.3392 0.0268
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0.1579 0.0426 0.1074 0.0078 0.1504 9.3392 0.0268
0.1568 0.0409 0.1008 0.0151 0.2988 9.3392 0.0268
0.1121 0.0289 0.0729 0.0103 0.2988 9.3392 0.0268
0.1128 0.0287 0.0715 0.0126 0.3008 9.3392 0.0268
0.1121 0.0279 0.0705 0.0138 0.3735 9.3392 0.0268
0.1128 0.0241 0.0819 0.0068 0.1504 9.2785 0.0302
0.1120 0.0226 0.0772 0.0122 0.2988 9.2785 0.0302
0.1128 0.0236 0.0801 0.0091 0.2256 9.2785 0.0302
0.1135 0.0248 0.0855 0.0033 0.0757 9.2785 0.0302
0.1128 0.0255 0.0824 0.0049 0.1128 9.2785 0.0302
0.0902 0.0202 0.0655 0.0045 0.1504 9.2785 0.0302
0.0752 0.0166 0.0548 0.0038 0.1504 9.2785 0.0302
0.1128 0.0133 0.0852 0.0143 0.1504 9.2785 0.0670
0.1128 0.0135 0.0909 0.0084 0.0752 9.2785 0.0670
0.0908 0.0115 0.0724 0.0068 0.0757 9.2785 0.0670
0.0752 0.0100 0.0602 0.0051 0.0752 9.2785 0.0670
0.1316 0.0159 0.1064 0.0093 0.0752 9.2785 0.0670
0.1503 0.0179 0.1219 0.0106 0.0752 9.2785 0.0670
0.1691 0.0208 0.1368 0.0115 0.0752 9.2785 0.0670
0.1135 0.0143 0.0949 0.0043 0.0378 9.2785 0.0670
0.0842 0.0058 0.0738 0.0047 0.1504 9.2782 0.0603
0.0706 0.0049 0.0594 0.0063 0.2988 9.2782 0.0603
0.0842 0.0055 0.0715 0.0073 0.3008 9.2782 0.0603
0.0842 0.0057 0.0727 0.0058 0.2256 9.2782 0.0603
0.0853 0.0054 0.0773 0.0027 0.0762 9.2782 0.0603
0.0853 0.0058 0.0765 0.0031 0.1028 9.2782 0.0603
0.1053 0.0070 0.0928 0.0056 0.1504 9.2782 0.0603
0.0636 0.0044 0.0555 0.0037 0.1514 9.2782 0.0603
0.0742 0.0052 0.0649 0.0041 0.1514 9.2782 0.0603
0.1264 0.0079 0.1116 0.0068 0.1504 9.2782 0.0603
0.1474 0.0087 0.1310 0.0077 0.1503 9.2782 0.0603
0.1684 0.0110 0.1495 0.0079 0.1503 9.2782 0.0603
0.1280 0.0078 0.1160 0.0042 0.0762 9.2782 0.0603
0.0897 0.0065 0.0758 0.0073 0.1494 9.3403 0.0670
0.0747 0.0052 0.0638 0.0057 0.1494 9.3403 0.0670
0.1098 0.0080 0.0932 0.0086 0.1494 9.3403 0.0670
0.1292 0.0096 0.1108 0.0088 0.1494 9.3403 0.0670
0.1494 0.0113 0.1285 0.0096 0.1494 9.3403 0.0670
0.1098 0.0085 0.0972 0.0042 0.0747 9.3403 0.0670
];%experimental data
%po(bar) p_cyhx(bar) p_mcpo(bar) p_mcpp(bar)...
%p_h2(bar) Vdot/RT(mol/s/bar) mol_H+
%Note: all values are multiplied by 1e5 except H2 pressure...
%for easy handling of numbers
init=[
0.1121 0.0000 0.0000
0.1128 0.0000 0.0000
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0.1128 0.0000 0.0000
0.0896 0.0000 0.0000
0.1345 0.0000 0.0000
0.1579 0.0000 0.0000
0.1568 0.0000 0.0000
0.1121 0.0000 0.0000
0.1128 0.0000 0.0000
0.1121 0.0000 0.0000
0.1128 0.0000 0.0000
0.1120 0.0000 0.0000
0.1128 0.0000 0.0000
0.1135 0.0000 0.0000
0.1128 0.0000 0.0000
0.0902 0.0000 0.0000
0.0752 0.0000 0.0000
0.1128 0.0000 0.0000
0.1128 0.0000 0.0000
0.0908 0.0000 0.0000
0.0752 0.0000 0.0000
0.1316 0.0000 0.0000
0.1503 0.0000 0.0000
0.1691 0.0000 0.0000
0.1135 0.0000 0.0000
0.0000 0.0842 0.0000
0.0000 0.0706 0.0000
0.0000 0.0842 0.0000
0.0000 0.0842 0.0000
0.0000 0.0853 0.0000
0.0000 0.0853 0.0000
0.0000 0.1053 0.0000
0.0000 0.0636 0.0000
0.0000 0.0742 0.0000
0.0000 0.1264 0.0000
0.0000 0.1474 0.0000
0.0000 0.1684 0.0000
0.0000 0.1280 0.0000
0.0000 0.0897 0.0000
0.0000 0.0747 0.0000
0.0000 0.1098 0.0000
0.0000 0.1292 0.0000
0.0000 0.1494 0.0000
0.0000 0.1098 0.0000
];%initial conditions
%p_cyhx(bar) p_mcpo(bar) p_mcpp(bar)
%Note:all values are multiplied by 1e5...
%for easy handling of numbers
n=size(exp,1);%# of experimental points
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sp=1;%starting set point of input data
po_exp=exp(sp:sp-1+n,1);%inlet reactant pressure
pc6o_exp=exp(sp:sp-1+n,2)./po_exp;%p1/po (cyclohexene)
pc5o_exp=exp(sp:sp-1+n,3)./po_exp;%p2/po (methylcyclopentenes)
pc5p_exp=exp(sp:sp-1+n,4)./po_exp;%p3/po (methylcyclopentane)
ph2_exp=exp(sp:sp-1+n,5);%p_h2
VRT_exp=exp(sp:sp-1+n,6);%Vdot/RT
wo=exp(sp:sp-1+n,7);%total # of H+ in bed
%normalizing the inlet pressure matrix
pin=zeros(n,3);%matrix of normalized inlet pressures
for i =1:3
pin(:,i)=init(sp:sp-1+n,i)./po_exp;%boundary condition at y=0
end
%experimental data matrix
pout_exp=[pc6o_exp pc5o_exp pc5p_exp];
%solving odes using ode45
k=[10 1 10 10];%initial guess for k_{2f}^{C6},k_{2b}^{C5},
%k_{3}^{C6},k_{3}^{C5}
dy=0.01;%step change in # of H+ in bed
y=0:dy:1;
lb=[0 0 0 0];%lower-bound for k 's
options = optimoptions(@lsqcurvefit, 'Algorithm ',...
'trust-region-reflective ', 'MaxFunctionEvaluations ',2000,...
'FunctionTolerance ',1e-20);
[kfit,Rsdnrm,Rsd,ExFlg,OptmInfo,Lmda,Jmat]=lsqcurvefit(...
@(a,b)ode_solve(a,b,y,ph2_exp,VRT_exp,wo),k,pin,pout_exp,...
lb,[],options);
conf=nlparci(kfit,Rsd, 'jacobian ',Jmat);%for confidence intervals
conf_int=conf(:,2)-kfit ';%calculating confidence intervals
fprintf( 'The estimated parameters are:\n k_{2f}^{C6} = %f %s %f\n ',...
kfit(1),char(177),conf_int(1));
fprintf( 'k_{2b}^{C5} = %f %s %f\n ',kfit(2),char(177),conf_int(2));
fprintf( 'k_{3}^{C6} = %f %s %f\n ',kfit(3),char(177),conf_int(3));
fprintf( 'k_{3}^{C5} = %f %s %f\n ',kfit(4),char(177),conf_int(4));
figure(1)
plot(pout_exp(:,1),p_fit(:,1), 'ro ',pout_exp(:,2),p_fit(:,2), 'bo ',...
pout_exp(:,3),p_fit(:,3), 'go ',[0 1],[0 1]);
set(gca, 'TickDir ', 'out ', 'FontSize ',16, 'TickLength ',[0.01,0.005]);
xlabel( 'p_{exp}/p_{o} ')
ylabel( 'p_{sim}/p_{o} ')
figure(2)
for i=1:n
plot(y,p_profile(:,1,i), '-.r ',y,p_profile(:,2,i), '-b ',...
y,p_profile(:,3,i), ':g ')
hold on
set(gca, 'TickDir ', 'out ', 'FontSize ',16, 'TickLength ',[0.01,0.005]);
end
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xlabel( 'w/w_{o} ')
ylabel( 'p_{fit}/p_{o} ')
The two function files used by the main file as as follows.
function p_sim=ode_solve(k,pin,y,ph2_exp,VRT_exp,wo)
global n p_fit p_profile
p_sim=zeros(n,3);
for i=1:n
Z=pin(i,:);%boundary condition at y=0
[¬,p_bed]=ode45(@(a,b)ode_setup(a,b,k,ph2_exp,VRT_exp,wo,i),y,Z);
p_sim(i,:)=p_bed(end,:);
p_fit=p_sim;
p_profile(:,1,i)=p_bed(:,1);
p_profile(:,2,i)=p_bed(:,2);
p_profile(:,3,i)=p_bed(:,3);
end
end
and
function dpdy=ode_setup(y,p,k,ph2_exp,VRT_exp,wo,i)
dpdy=zeros(3,1);
%cyclohexene
dpdy(1)=(k(2)*p(2)-k(1)*p(1)-k(3)*p(1)*ph2_exp(i))*wo(i)/VRT_exp(i);
%methylcyclopentenes
dpdy(2)=(k(1)*p(1)-k(2)*p(2)-k(4)*p(2)*ph2_exp(i))*wo(i)/VRT_exp(i);
%methylcyclopentane
dpdy(3)=(k(3)*p(1)*ph2_exp(i)+k(4)*p(2)*ph2_exp(i))*wo(i)/VRT_exp(i);
end
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